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F33615-75-C-3105,  Project  2202/02/01. 

Lieutenant  L.  Moosman  (AFFDL/FEW)  was  the  Air  Force  Project  Manager 
who  monitored  the  program. 

Mr.  J.  H.  Lawrence,  Jr.,  was  Program  Director  for  the  Douglas 
Aircraft  Company. 

Mr.  J.  B.  Hoffman  was  the  principal  Investigator  and  author  of  this 
report,  and  a  Douglas  Test  Representative  at  the  Arnold  Engineering 
Development  Center  (AEDC). 

Mr.  L.  P.  Koegeboehn  was  a  Douglas  Test  Representative  at  the  Arnold 
Engineering  Development  Center  (AEDC)  and  was  responsible  for  the  heat 
transfer  computer  program  referred  to  In  Section  VII  of  this  report. 

Mr.  0.  B.  Carver  of  the  ARO,  Inc.,  was  the  Test  Director  of  the 
Hypersonic  Wind  Tunnel  (B)  of  the  Von  Karmen  Gas  Dynamics  Facility  (VKF) 
located  at  the  Arnold  Engineering  Development  Center  (AEDC),  Tennessee. 
Photographs  were  supplied  by  the  ARO.,  Inc.  (AEDC  Division)  for  this 
report.  AEDC-TSR-78-V33,  Aero thermodynamic  Evaluation  of  Windshield 
Materials  at  Simulated  Flight  Speeds  of  Mach  2.4  to  3.0  was  the  final 
report  prepared  by  the  ARO,  Inc.,  for  this  program. 

This  report  was  submitted  by  the  author  to  the  Air  Force  In  April 
1979  and  covers  work  performed  during  the  period  of  May  1978  through 
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SECTION  I 
INTRODUCTION 


Military  aircraft  with  coated  polycarbonate  canopies  and  windshields 
had  previously  encountered  inflight  erosion  problems.  These  adverse 
experiences  precipitated  the  development  of  multi-ply  transparencies  for 
potential  use  on  high-speed  aircraft.  The  laminated  configuration  selected 
to  fulfill  the  current  need  consisted  of  a  face  ply  and  structural  ply 
joined  by  a  soft  Interlayer.  The  performance  and  reliability  of  the 
materials  for  these  potential  laminated  transparencies  were  substantiated 
by  wind  tunnel  tests  conducted  at  velocities  of  Mach  1.6  through  Mach  2.2 
(References  1  and  2).  The  operating  range  of  current  Inventory  military 
aircraft  had  been  considered  to  be  within  the  limits  of  the  selected  test 
conditions. 

The  next  generation  of  military  aircraft  will  be  capable  of  attaining 
velocities  In  the  Mach  3.0  region.  The  temperature  generated  on  an  air¬ 
craft  windshield  at  this  speed  would  be  much  higher  than  experienced  In 
the  Mach  2.2  region.  Hence,  a  need  existed  to  define  the  capabilities 
and  limitations  of  materials  currently  considered  for  use  In  multi-ply 
windshields  for  future  high-speed  aircraft. 

To  provide  data  for  a  material's  evaluation,  a  series  of  wind  tunnel 
tests  were  performed  In  the  hypersonic  wind  tunnel  of  the  Von  (Carman  Gas 
dynamics  Facility  (VKF)  located  at  the  Arnold  Engineering  Development 
Center  (AEDC),  Tennessee.  These  tests  were  completed  In  August  1978. 

The  goals  of  this  test  program  were  to  determine  and  document  the  sur¬ 
vivability  of  selected  materials  and  multi-ply  laminates  subjected  to 
Mach  2. A  through  Mach  3.0  flight  conditions,  evaluate  the  resultant  effect 
on  the  laminates'  optics,  delineate  the  thermal  environment,  Investigate 
the  reliability  of  potential  edge  designs,  and  determine  the  edge  effects 
on  temperature  distribution  at  these  flight  conditions. 


These  goals  were  achieved.  Twenty-seven  flat  panels,  7  x  11  Inches 
In  size,  were  tested  In  a  Mach  6.0  wind  tunnel,  using  a  shock  generator  to 
reduce  the  air  stream  to  the  desired  flow  conditions.  The  test  specimens 
were  supported  In  a  pressurized  box  to  simulate  Inflight  cabin  conditions. 
Heat  transfer  distribution  and  pressure  distribution  across  the  specimen 
surfaces,  using  an  Instrumented  panel,  were  measured.  Shadowgraph  photos 
were  taken  to  Illustrate  shock  Interactions  and  flow-field  conditions. 
Temperatures  were  recorded  on  the  appropriate  specimen  surfaces  to  define 
the  thermal  environment.  Material  degradation  and  survivability  were 
evaluated.  Edge  effects  were  Investigated.  Grid  line  photography  (In¬ 
tunnel  photos  taken  of  a  system  of  grid  lines  through  the  specimens) 
was  utilized  to  delineate  potential  inflight  optical  distortion.  Loss  of 
light  transmission  and  haze  growth  were  measured. 

The  report  Is  structured  In  eight  parts.  Section  II  contains  the 
test  plan,  while  Section  III  discusses  pre-test  activities,  operation  of 
the  test,  and  the  basic  test  conditions  achieved.  Section  IV  compares 
the  planned  environment  to  the  actual  test  environment.  Section  V 
appraises  material  damage  and  survivability.  Section  VI  evaluates 
optical  distortion.  Section  VII  analyzes  the  thermal  data.  Section  VIII 
presents  conclusions  and  makes  recommendations  for  further  testing. 
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SECTION  II 
TEST  PLAN 


This  section  presents  the  test  plan  that  had  been  prepared  at  the 
beginning  of  the  program.  The  purpose  of  this  plan  was  to  guide  the  test¬ 
ing  to  be  conducted  at  the  Von  Harman  Gas  Dynamics  Facility  (VKF)  located 
at  the  Arnold  Engineering  Development  Center  (AEDC),  Tennessee. 

The  test  plan  delineates  the  test  objectives,  describes  the  test 
facility,  outlines  responsibilities,  describes  the  specimens  and  hardware, 
presents  a  brief  test  description,  establishes  the  test  requirements, 
defines  the  test  procedure,  and  spells  out  the  documentation  and  data 
reduction  requirements.  As  with  any  test,  the  operation  of  the  test  does 
not  always  follow  the  written  plan.  Any  deviations  to  the  test  plan 
during  testing  are  described  In  Section  III. 


TEST  OBJECTIVES 

The  goals  of  this  test  program  are  to  determine  material  survivability 
and  optical  distortion  for  potential  laminated  windshield  designs  that  can 
be  used  In  aircraft  that  will  operate  at  velocities  up  to  Mach  3.0  and 
at  altitudes  consistent  with  the  operating  range  of  military  aircraft. 
These  goals  will  be  met  by  evaluating  damage  to  the  transparency  materials 
and  to  specific  edge  configurations,  by  appraising  optical  distortion, 
light  transmission  losses,  and  hare  growth,  by  recording  surface  tempera¬ 
tures  and  thermal  gradients  through  the  laminates,  and  by  studying  the 
effect  of  the  edge  structure  on  thermal  distribution.  A  correlation  will 
be  made  to  compare  the  test  conditions  and  the  predicted  conditions. 

To  accomplish  the  goal  of  this  program  and  to  complete  a  meaningful 
evaluation  of  the  various  windshield  materials,  it  Is  essential  that  a 
test  environment  be  produced  similar  to  the  selected  flight  environment. 


TEST  FACILITY  DESCRIPTION 

These  tests  will  be  conducted  In  the  Hypersonic  Hind  Tunnel  (B)  of 
the  Von  Karmen  Gas  Dynamics  Facility  (VKF)  located  at  the  Arnold  Engineering 
Development  Center  (AEDC),  Tennessee.  Tunnel  8,  Figure  1,  Is  a  continuous, 
closed-circuit,  variable  density  wind  tunnel  with  an  axlsyimetrlc  contoured 
nozzle  and  a  50-Inch  diameter  test  section.  The  tunnel.  Figure  2,  can  be 
operated  at  a  nominal  Mach  number  of  6  and  8,  at  stagnation  pressures 
ranging  from  20  PS IA  to  300  PSIA  and  50  PSIA  to  900  PSIA,  respectively, 
and  at  stagnation  temperatures  up  to  890°F  as  noted  In  Table  1.  The  model 
can  be  Injected  Into  the  tunnel  for  a  test  run  and  then  retracted  for  model 
cooling  or  model  changes  without  Interrupting  the  tunnel  flow.  A  complete 
description  of  the  tunnel  may  be  found  In  Reference  3.  The  tunnel  will 
be  operated  at  Mach  6.0  for  these  tests. 


Figure  2.  Schematic  of  Wind  Tunnel. 


TABLE  1.  WIND  TUNNEL  PERFORMANCE  DATA 


RESPONSIBILITIES 


The  AEDC/ARO  shall  be  responsible  for  the  test  accomplishment  as 
detailed  In  the  Test  Procedure  section  of  this  test  plan,  shall  record 
the  required  data  In  accordance  with  the  Documentation  and  Data  Reduction 
section  of  this  test  plan,  and  shall  provide  the  test  hardware  required 
to  perform  these  tests  as  described  In  this  test  plan. 

The  vendors  shall  be  responsible  for  fabricating  the  specimens  In 
accordance  with  a  Douglas  drawing  (Z5943260),  shall  measure  pre-test  and 
post-test  light  transmission  through  the  panels,  and  shall  measure  haze 
before  and  after  the  test. 

Douglas  Aircraft  Company  shall  be  responsible  for  the  preparation  of 
a  test  plan,  a  drawing  of  the  test  specimens  (Z5943260),  and  a  final  report. 

TEST  SPECIMEN  DESCRIPTION 

Twenty-seven  specimens,  representing  19  different  laminated  configura¬ 
tions  and  one  monolithic  panel,  are  provided  for  this  test  program.  Seven 
of  the  specimens  are  duplicate  panels.  The  specimens  are  listed  In 
Table  2,  together  with  the  five  vendors  who  fabricated  the  parts  and  the 
materials  used  for  construction.  The  specimens  are  flat,  rectangular 
In  shape,  and  i.00  x  7.38  x  11.38  Inches  In  size,  and  are  shown  In  Figures  3 
through  12. 

Three  general  types  of  three-ply  laminated  construction  are  represented: 
as-cast  acryl 1c/1nterlayer/po1ycarbonate,  glass/interlayer/polycarbonate, 
and  glass/interlayer/glass.  Two  additional  groups,  consisting  of  nine  plies 
and  seven  plies,  have  as-cast  acrylic  and  urethane  face  plies,  and 
polycarbonate  structural  plies.  The  Interlayer  materials  are  silicone, 
urethane  and  PPG112.  A  coated  monolithic  polycarbonate  configuration 
Is  also  included. 

Seven  of  the  specimens  are  from  a  previous  wind  tunnel  test  that  was 
reported  In  Reference  1.  The  seven  specimens,  SK05  and  SK06,  Figure  3, 
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and  GY01  through  GY05,  Figure  4,  are  Instrumented  with  three  foil  and  wire 
type  chromel-alumel  thermocouples.  The  bonding  agent  was  M-Bond  600 

TABLE  2.  SPECIMEN  IDENTIFICATION 


MANUFACTURER 

DESCRIPTION 

AC  ■  Acrylic 

SIL  ■  Silicone  Interlayer 

PC  *  Polycarbonate 

UR  •  Urethane  Interlayer 

-501  (1) 

SK05 

Slerracln 

0.08  AC  -  0.10  SIL  -  0.62  PC 

-501  (1) 

SK06 

0.08  AC  -  0.10  SIL  -  0.62  PC 

-533 

SK21 

0.188  AC  -  0.12  SIL  -  0.62  PC 

-533  (2) 

SK21A 

0.188  AC  -  0.12  SIL  -  0.62  PC 

-535 

SK22 

0.188  AC  -  0.12  SIL  -  0.62  PC  (Retainer) 

-535  (2) 

SK22A 

0.188  AC  -  0.12  SIL  -  0.62  PC  (Retainer) 

-537 

SK23 

0.110  Chemcor  -  0.27  SIL  -  0.62  PC 

-537  (2) 

SK23A 

0.110  Chemcor  -  0.27  SIL  -  0.62  PC 

-529  (2) 

Swedlow 

0.188  AC  -  0.12  SIL  -  0.62  PC 

-531  (2) 

0.188  AC  -  0.12  SIL  -  0.62  PC  (2  Bolts) 

-539 

PPG21 

PPG 

0.120  SL  Glass  -  0.35  PPG112  -  2  PC  Plies 

-539  (2) 

PPG21A 

0.120  SL  Glass  -  0.35  PPG112  -  2  PC  Plies 

-541 

PPG22 

0.120  SL  Glass  -  0.32  PPG112  -  Glass 

-541  (2) 

PPG22A 

0.120  SL  Glass  -  0.32  PPG112  -  Glass 

-519  (1) 

GY01 

Goodyear 

0.10  AC  -  0.04  UR  -  2  PC  Plies,  0.25  ea. 

-521  (1) 

GY  02 

0.10  UR  -  0.04  UR  -  2  PC  Plies,  0.25  ea. 

-523(d) 

GY  03 

0.10  UR  -  0.04  UR  -  2  PC  Plies,  0.25  ea. 

-525  (1) 

GY  04 

0.10  UR  -  0.10  SIL  -  2  PC  Plies,  0.25  ea. 

-527  (1) 

GY  05 

0.10  UR  -  0.10  UR  -  2  PC  Plies,  0.25  ea. 

-543  (2) 

GY21 

0.12  AC  -  0.10  SIL  -  3  PC  Plies,  0.19  ea. 

-545 

GY22 

0.12  AC  -  0.10  UR  -  3  PC  Plies,  0.19  ea. 

-547 

GY23 

0.18  AC  -  0.10  SIL  -  3  PC  Plies,  0.19  ea. 

-549 

GY24 

0.12  AC  -  0.04  UR  -  2  PC  Plies,  0.19  ea. 

-551 

GY25 

0.12  AC  -  0.04  SIL  -  2  PC  Plies,  0.19  ea. 

-553 

GY26 

0.18  AC  •  0.04  UR  -  2  PC  Plies,  0.19  ea. 

-555 

TEX21 

Texstar 

Coated  PC.  1.00  Thick 

-555  (2) 

TEX21A 

Coated  PC,  1.00  Thick 

. 

(1)  These  specimens  are  from  previous  test  (Reference  1). 

(2)  These  specimens  to  be  coated  with  phase-change  paint. 

(3)  All  dimensions  In  Inches. 
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adhesive  manufactured  by  Micro-Measurements  Products.  Five  of  these 
specimens  were  previously  tested. 

Twenty  specimens  were  designed  specifically  for  this  test  series. 
Eighteen  of  these  specimens  are  instrumented  with  copper-constantan 
thermocouples  and  were  designed  with  edges  to  simulate  a  production  type 
Installation.  The  remaining  two  specimens,  fabricated  by  Texstar 
Plastics  (TEX21  and  TEX21A)  are  plain  panels  of  coated  monolithic  poly¬ 
carbonate. 

The  three  Sierracln  configurations  (SK21,  SK22  and  SK23),  shown  In 
Figures  5  and  6,  are  Instrumented  with  seven  thermocouples.  Two  types 
of  bushings  are  used  at  the  edges,  aluminum  and  plastic,  and  a  comparison 
of  heat  conductivity  into  the  structural  ply  will  be  made.  The  face 
plies  are  as-cast  acrylic  and  glass.  Three  different  edges  are  repre¬ 
sented.  Duplicate  specimens.  SK21A,  SK22A  and  SK23A,  are  provided  for 
thermal  paint  tests. 

The  two  Swedlow  specimens  (SWU21  and  SWU22),  shown  In  Figures  7  and 
8,  are  Instrumented  with  five  thermocouples.  The  face  plies  are  as-cast 
acrylic.  These  configurations  present  two  different  methods  of  reducing 
heat  conductivity  through  the  attachments  to  the  structural  ply.  The 
edges  of  these  specimens  are  coated  with  a  protective  sealant. 

The  two  PPG  configurations  (PP621  and  PP622),  shown  in  Figures  9 
and  10,  are  instrumented  with  five  thermocouples.  The  face  plies  are 
glass  and  the  structural  plies  are  glass  and  polycarbonate.  Duplicate 
specimens  (PPG21A  and  PPG22A)  are  provided  for  thermal  paint  tests. 
Plastic  bushings  are  Installed  for  the  simulated  edge  design. 

The  six  Goodyear  configurations  (GY21  through  GY26),  shown  In  Figures 
11  and  12,  are  Instrumented  with  five  thermocouples.  The  face  plies  are 
as-cast  acrylic.  This  group  represents  a  seven-ply  configuration  and  a 
nine-ply  conf iguratlon.  Bolts  and  bushings  are  Installed  to  simulate  a 
typical  edge  configuration. 
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PART 

SERIAL 

NUMBER 

NUMBER 

Z5943260-51 9 

GY01 

-521 

GY  02 

-523 

GY03 

-525 

GY  04 

-527 

GY05 

r —  Polycarbonate 
'  (MI L -P -8331 0) 


\ 


As-Cast  Acrylic  (HIL-P-8184)  for  -  GY01 
GAC-590-55*  Urethane  for  -  GY02,  GY04,  GYOS 
GAC-590-65*  Urethane  for  -  GY03 


(— *  Interlayer 

F5X-3A*  Urethane  (0.040) 

F4X-22*  Silicone  (C. ICC)  for  GY04 
GAC- 309*  Urethane  (0.1 00) for  GY05 

ro.ioo 

« 


GY 01 ,  GY02,  GY 03 


c1berglass  Spacer 


0.680  for  GY01,  GY 02,  GY 03 
0.^40  for  GY04,  3Y05 

Thermocouple  3  Places 
F5X-3A*  Urethane  Interlayer  (0.040) 


*0TES:  (1)  Dimensions  are  nominal  and  In  inches. 

(2)  These  specimens  were  previously  tested  (Reference  1) 

(3)  *  Is  Goodyear  Aerospace  (proprietary). 


Figure  4.  Goodyear  Test  Specimens  GY01  Through  GY05. 
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PART  NUM8ER 

SERIAL  NUMSER 

Z5943260-537 

SK23 .  SK23A 

Z594 3260-535 

SK22,  SK22A 

Z5943260-533 

SK21  ,  SK21A 

SK23 

and 

SK23A 


NOTES:  (1)  Dimensions  are  Nominal  and  In  Inches 

(2)  Bushings  are  201  Fiberglass  Filled  Polycarbonate 
and  Aluminum 

Figure  6.  Slerracln  Test  Specimens  SK21  Through  SK23A 
(Section  B-B,  Floure  5). 
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HOTES : ( 1 ) Olmens 1 ons  are  In  Inches. 

(2)See  Figure  8  for  Section  B-8. 


Figure  7.  Swedlow  Test  Specimens. 
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PART  NUMBER 
Z594 3260-541 
25943260-539 


SERIAL  NUMBER 

PPG22,  PPG22A 
PPG21,  PPG21A 


PPG21  and  PPG21A 

tes:  (1)  Manufacturer:  PPG  Industries  (PPG) 

(2)  Dimensions  are  nominal  and  in  Inches 

(3)  Bushings  are  201  Fiberglass  filled  polycarbonate 


Figure  10.  PPG  Test  Specimens 

(Section  B-B,  Figure  9). 


Thermocouple  Locations 


A 


A 


Direction 

Of 

Air  Flo* 


NOTES:  (1)  Dimensions  are  In  Inches. 

(2)  See  Figure  12  for  Section  B-B 


Figure  11.  Goodyear  Test  Specimens  SY21  Through  GY26. 


As-Cast  Acrylic  _ 

Kl.25  —1 

JT,P  I 

0.4, --J  . 


F5X-3  Urethane  for  GY24  ft  GY26 
F4X-2B  Silicone  for  SY25 


J 


1.000 


0.120  for  GY 24  ft  GY25 
0.188  for  GY26 

r-  0.04  3  PICS 

-r  r*  0.120 


0.190 


Fiberglass  Spacer. 


\  \  A 

V  As-Cast  Acrylic 
F4X-2B  Silicone 

" Polycarbonate 


GY25  &  GY26 


F4X-28  Silicone  for  GY21  I  GY23 
F5X-2  Urethane  for  GY22 
Thermocouple 
detainer  - .  , 


1.000 


’  V 

Fiberglass  Spacer—^ 


As-Cast  Acryl 1c 


0.120  for  GY21  I  GY22 
0.188  for  GY23 

r-  0.100 

•  r-  0.190  3  Pics 


^  0. 
L-  0.120 


0.04  3  Pics 


Polycarbonate 

MIl-P-83310 


_  F4X-3  Urethane 
As-Cast  Acrylic 


GY22JGY23 


Notes:  (1)  Bushings  are  205  Fiberglass  Filled  Polycarbonate 


p1gure  12.  Goodyear  Test  Specimens  GY21  Through  GY26. 
(Section  B-B,  Figure  11.) 


TEST  HAROWARE 


The  test  hardware  consists  of  a  cabin  simulator,  a  wedge,  an  Instru¬ 
mented  panel  and  a  teflon  panel.  These  Items  will  be  supplied  by  the 
AEDC/ARO. 

Cabin  Simulator 

The  test  specimens  will  be  mounted  In  an  existing  cabin  simulator 
(Douglas  drawing  Z5943261).  The  purpose  of  the  cabin  simulator,  Figure  13, 
is  to  provide  both  support  for  the  test  specimens  and  a  simulated  cabin 
environment  on  the  back  side  of  the  test  specimens.  A  specimen  Is  Installed 


Figure  13.  Cabin  Simulator. 

In  the  simulator  by  laying  the  specimen  in  the  top  of  the  box  and  installing 
the  cover  with  six  bolts.  Regulated  air  at  ambient  temperature  will  be 
supplied  to  the  simulator  at  a  constant  flow  rate  and  discharged  to  the 
tunnel  free-stream  through  vents  located  on  the  bottom  of  the  simulator, 
water  colls  on  the  simulator  walls  will  augment  air  cooling.  A  silicone 


rubber  seal  between  the  specimen  and  support  frame  will  prevent  air 
leakage  and  provide  room  for  thermal  expansion.  A  quartz  port.  In  the  rear 
of  the  simulator.  Figure  14,  will  make  It  possible  to  photograph  through 
the  specimen  during  the  tests.  Figure  15  shows  the  cabin  simulator  In  the 


Figure  14.  View  Through  Quartz  Window  In  Cabin  Simulator 


Figure  15.  Cabin  Simulator  In  Tunnel. 


Wedge 

The  cabin  simulator  will  be  attached  to  a  wedge.  Figure  16,  which 
serves  as  a  shock  generator.  It  will  reduce  the  wind  tunnel  free-stream 
Mach  number  from  6  to  the  appropriate  Mach  number  required  across  the 
specimen.  The  wedge  will  be  mounted  to  the  sting.  The  sting  Is  the 
support  arm,  and  Is  part  of  the  tunnel  apparatus.  The  slope  of  the  front 
surface  of  the  wedge  will  be  varied  to  meet  the  Mach  number  requirements 
by  manipulating  the  sting. 
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Figure  16.  Wedge  and  Instrumented  Panel  (IP). 

Instrumented  Panel 

An  Instrumented  panel  (IP),  shown  In  Figure  16,  will  be  used  to 
determine  the  heat  transfer  rate  and  pressure  distribution  on  the  outboard 
surface  of  the  test  specimens.  There  are  15  pressure  orifices  and  11  heat 
transfer  rate  gages  located  on  the  panel  surface.  It  will  be  supported  In 
the  tunnel  by  the  cabin  simulator  and  has  the  same  planform  dimensions  as 
the  specimens. 

Teflon  Panel 

A  teflon  panel  will  be  used  for  phase-change  paint  tests.  The  purpose 
of  these  tests  will  be  to  obtain  additional  heat-transfer  data  and  to 
locate  possible  surface  "hot  spots".  The  panel  will  be  supported  by  the 
cabin  simulator  and  has  the  same  planform  dimensions  as  the  specimens. 
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NOTFS:  (I)  Injection  of  Instrumented  panel  at  Mach  2.4,  2.6  and  3. 

(2)  Thermal  mapplnq  of  teflon  panel  (TP)  and  specimens. 

S3)  Injection  of  specimens  for  5,  Ui  and  10  minute  Increments. 

4)  Injection  of  specimens  for  1/2  and  3  ntnute  increments. 

S)  Estimated  time  Is  based  on  6  minutes  between  Injections  and  12  minutes  to  change  a  spacimen. 


points,  the  interior  surface  temperature,  the  temperature  of  the  structural 
ply  (polycarbonate  or  glass),  and  the  temperature  of  the  structural  ply 
adjacent  to  the  forward  bolt.  These  data  will  be  compared  to  values  cal¬ 
culated  by  a  Douglas  developed  computer  program. 

Thermal  mapping  will  be  accomplished  on  9  specimens  and  an  AEDC/ARO 
supplied  teflon  panel  by  using  an  AEDC/ARO  phase-change  paint  technique. 
Heat  patterns  will  be  developed  for  each  of  the  three  conditions,  Macn  2.4, 
2.6  and  3.0,  to  identify  "hot  spots'. 

An  Instrumented  panel,  supplied  by  the  AEDC/ARO,  will  be  used  to  deter¬ 
mine  heat-transfer  and  pressure  distributions  for  the  environment  at  each 
of  the  Mach  number  conditions. 

Shadowgraph  photos  will  be  taken  to  illustrate  the  shock  interactions 
and  flow-field  conditions  that  exist  on  the  specimens  in  the  tunnel. 

Direct  movies  will  be  taken  on  a  selective  basis,  and  video  tapes  will 
be  used  to  provide  instant  playback  capability. 

Test  Activity 

The  first  night  of  testing  (a  12-hour  shift)  will  consist  of  three 
types  of  testing:  injection  of  the  Instrumented  panel,  thermal  mapping, 
and  tunnel  testing  of  the  specimens. 

Activity  will  commence  with  Insertion  of  the  instrumented  panel,  as 
noted  in  Table  3,  at  Mach  2.4,  2.6  and  3.0  to  obtain  the  surface  pressure, 
heat-transfer  rate  distributions  and  the  adiabatic  wall  temperatures.  The 
estimated  time  for  this  activity  is  3  hours. 

The  second  step  will  be  thermal  mapping  at  Mach  2.4.  The  eight  speci¬ 
mens  and  teflon  panel  noted  in  Table  3  will  be  coated  with  phase-change 
paint  and  Injected  Into  a  Mach  2.4  tunnel  environment  for  a  length  of 
time  determined  by  AEDC/ARO  procedures.  Sequence  photos  will  be  taken 
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to  record  timewise  progression  of  paint  melt..l1nes  in  accordance  with 
AEDC/ARO  techniques.  The  estimated  time  for  this  activity  is  2  hours. 

Step  three  will  consist  of  tunnel  testing  of  the  12  primary  specimens 
listed  in  Table  3.  The  specimens  will  be  tested  in  a  Mach  2.4  environ¬ 
ment  at  time  increments  of  5,  10  and  15  minutes.  The  specimens  will  be 
cooled  to  160°F  between  Injections.  A  specimen  failure  will  terminate 
the  test  for  a  given  specimen  as  determined  by  the  Douglas  Test  Represen¬ 
tative.  A  secondary  specimen  may  be  substituted  for  a  primary  specimen. 
Specimens  not  tested  will  be  Injected  the  following  night.  The  estimated 
time  to  complete  these  tests  Is  11  hours  and  is  based  on  6  minutes  between 
Injections  and  12  minutes  to  change  a  specimen. 

The  second  night  of  testing  (a  12-hour  shift)  will  consist  of  two 
types  of  testing:  thermal  mapping  and  tunnel  testing  of  the  specimens. 

The  activity  will  commence.  If  necessary,  with  the  completion  of  the 
Mach  2.4  tunnel  testing  of  specimens  that  were  not  tested  on  the  first 
night.  It  Is  estimated  that  this  activity  may  take  up  to  4  hours. 

This  will  be  followed  by  thermal  mapping  of  the  five  specimens  and 
teflon  panel  noted  In  Table  3  at  Mach  2.6.  The  specimens  will  be  coated 
with  phase-change  paint  and  Injected  Into  a  Mach  2.6  environment  for  a 
length  of  tlmr*  determined  by  the  AEDC/ARO.  The  time  estimate  for  this 
procedure  Is  1.5  hours. 

The  thermal  mapping  activity  will  be  followed  by  tunnel  testing  of  the 
15  primary  specimens  listed  In  Table  3.  The  specimens  will  be  tested 
In  Mach  2.6  environment  at  time  Increments  of  5,  10  and  15  minutes.  The 
specimens  will  be  cooled  to  160°F  between  Injections.  A  specimen  failure 
will  terminate  the  test  as  determined  by  the  Douglas  Test  Representative. 

A  secondary  specimen  nay  be  substituted  for  a  primary  specimen.  Specimens 
not  tested  will  be  Injected  the  following  night.  The  time  estimate  Is 
13.5  hours.  It  Is  anticipated  that  the  test  times  for  specimens  with 
plastic  face  plies  may  be  terminated  prematurely  due  to  material  degradation. 
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The  third  night  of  testing  will  be  similar  to  the  second  night  and 
will  conmence,  If  necessary,  with  completion  of  any  Mach  2.6  testing 
that  was  not  completed  on  the  previous  night  and  may  require  up  to  7  hours. 

This  activity  will  be  followed  by  thermal  mapping  at  Mach  3.0  per 
Table  3.  The  three  specimens  and  teflon  panel  will  be  coated  with  paint 
and  Injected  Into  a  Mach  3.0  tunnel  environment.  The  time  estimate  Is 
one  hour. 

Thermal  mapping  will  be  followed  by  tunnel  testing  of  the  eleven 
specimens  listed  In  Table  3  In  a  Mach  3.0  environment.  Injection  times 
will  be  1/2  and  3  minutes.  The  specimens  will  be  cooled  to  160°F  between 
Injections.  The  Douglas  Test  Representative  will  be  responsible  for 
termination  of  a  test  and  for  substitutions.  The  estimated  time  Is  4  hours. 

TEST  CONDITIONS 
Environmental  Conditions 

The  area  of  an  aircraft  windshield  that  would  normally  receive  the 
highest  heating,  and  therefore  the  area  that  would  probably  fall  first 
due  to  overheating.  Is  that  area  directly  behind  the  aircraft  nose  and 
on  Its  centerline.  A  typical  supersonic  aircraft  nose  shape  with  the 
flow  environment  depicted  In  the  area  of  Interest  Is  shown  In  Figure  18. 

The  conditions  were  calculated  by  the  methods  of  Reference  4. 

Region  1  In  the  figure  Is  the  free-stream  environment.  Region  2 
represents  the  approach  environment.  The  approach  conditions  were  com¬ 
puted  from  the  Region  1  conditions  using  Invlscfd  cone  theory.  It  was 
assumed  that  the  aircraft  nose  upper  surface  could  be  approximated  by  a 
half-cone.  The  cone  half-angle  chosen  for  these  claculatlons  was  15  degrees. 
Region  3  represents  the  windshield  environment.  These  conditions  were 
calculated  using  Invlscld  wedge  theory  and  were  computed  from  the  Region  2 
conditions.  A  wedge  angle  of  15  degrees  was  chosen  for  the  windshield. 

Region  4  represents  the  cabin  environment. 
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FRCE-STRCAH  CONDITIONS 


Figure  18.  Windshield  Flight  Environment  at  Mach  3.0. 


The  specimen  test  environment  is  shown  in  Figure  19  for  conditions 
at  Mach  3.0.  For  simplicity,  a  two-dimensional  wedge  model  was  chosen 
to  simulate  the  approach  flow  conditions  of  the  aircraft  nose.  A  two- 
dimensional  inviscld,  oblique-shock  solution  was  assumed  to  determine  the 
appropriate  Mach  numbers  and  pressures  to  simulate  the  flight  environments. 
3ecause  of  size  limitations,  a  representative  approach  length  of  an 
aircraft  nose  could  not  be  simulated.  However,  conditions  are  such  that 
fully  turbulent  boundary- layer  (Reference  5)  will  approach  the  test 
specimens  similar  to  that  which  approaches  the  windshield  for  each  of 
the  flight  environments,  as  shown  in  Figure  18,  for  Mach  3.0. 

In  Figure  19,  Region  1  represents  tunnel  conditions.  Region  2  repre¬ 
sents  the  approach  conditions  and  was  computed  from  Region  1  conditions 
with  inviscid  wedge  assumption.  Region  3  represents  the  windshield  environ' 
ment  and  was  computed  from  the  Region  2  conditions  with  inviscld  wedge 
assumption.  Region  4  shows  the  nominal  cabin  simulator  conditions. 

The  angle  between  the  wedge  and  the  cabin  simulator  (windshield  to 
nose  angle)  will  be  set  to  15  degrees.  The  wedge  angles  will  be  set  to 
33.3  degrees,  31.5  degrees,  and  28.3  degrees  as  shown  in  Table  4  for 
Mach  2.4,  2.6  and  3.0  respectively. 

The  conditions  at  which  the  specimens  will  be  tested  are  given  in 
Table  4  and  were  selected  to  simulate  a  typical  environment  on  the  trans¬ 
parency  of  a  high  performance  aircraft.  These  conditions  are  limited 
by  the  ability  to  simulate  the  required  environment  in  Tunnel  B.  Since 
Tunnel  B  has  a  free-stream  stagnation  pressure  limit  of  280  PS  I A  at 
approximately  Mach  6,  the  minimum  altitudes  that  can  possibly  be  simulated 
for  Mach  2.4,  2.6  and  3.0  are  45,200,  52,900  and  64,800  feet,  respectively. 
The  free-stream  temperature  was  selected  at  -70°F. 

The  adiabatic  wall  temperature  calculated  for  each  condition  is  shown 
in  Table  3  and  is  defined  here  (in  degrees  Rankine)  by  the  following 
equation: 
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FREE-STREAM  CONDITIONS 
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Stagnation  Pressure 

Figure  19.  Specimen  Test  Environment  at  Mach  3.0. 


taw  ■  T.  (1  *  rf  Iji  H2) 


where:  TAW  Is  the  adiabatic  wall  temperature  In  degrees 

Ranklne 

Is  the  static  air  temperature  in  degrees  Ranklne 
r^  Is  the  recovery  factor 

Y  Is  the  ratio  of  specific  heat  for  air  -  1.4 

M  Is  the  free  stream  Mach  number. 

The  recovery  factor  to  be  simulated  Is  95  percent,  which  means  that  95  per¬ 
cent  of  the  stagnation  temperature  will  be  recovered  in  the  adiabatic  wall 
temperature. 

That  Is, 


where  T0  Is  the  stagnation  temperature. 

The  pressure  distribution  across  the  specimen  surface  will  be  obtained 
from  the  Instrumented  panel  tests  and  compared  to  calculated  values. 

Thermal  Conditions 

High  temperature  thermocouples  are  bonded  to  the  Inner  and  outer  sur¬ 
faces  of  each  specimen  by  the  vendors  to  provide  temperature  time  histories. 
Foil  type  thermocouples  are  bonded  to  the  outer  surfaces  with  PS-18 
adhesive  on  the  as-cast  acrylic  face  plies  and  with  M-Bond  600  (Micro- 
Measurements  Products)  on  the  glass  face  plies.  Additional  thermocouples 
are  Imbedded  within  the  specimens  to  measure  the  temperature  of  the 
structural  ply  and  the  area  adjacent  to  the  bolts.  Wire  and  foil  thermo¬ 
couples  are  used  for  these  Imbedded  thermocouples.  M-Bond  600  was  used 
for  the  bonding  agent  on  the  specimens  procured  from  the  previous  test 
noted  In  Reference  l.  Temperatures  will  be  recorded  at  Intervals  of 
approximately  three  readings  per  minute. 
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A  thermal  correlation  will  be  performed  to  compare  test  temperatures 
and  calculated  temperatures.  Appropriate  data,  such  as  heat/transfer 
rates  from  the  Instrumented  panel  tests,  the  adiabatic  wall  temperatures 
and  the  material  physical  properties,  will  be  Inputted  to  a  Douglas 
developed  windshield  heat/transfer  computer  program  to  perform  the 
correlation.  The  material  physical  properties  to  be  supplied  by  the 
vendors  for  use  In  computer  program  Include  the  thermal  conductivity, 
specific  heat  and  density. 

Thermal  mapping  will  be  accomplished  In  accordance  with  AEDC/ARO 
techniques  through  the  use  of  phase-change  paint  applied  to  selected 
specimens  and  a  teflon  panel  as  noted  In  Table  3.  The  specimens  will  be 
Injected  at  Mach  2.4,  2.6  and  3.0  as  shown  In  Table  3.  The  specific 
thermally-rated  paint  to  be  used  will  be  determined  by  the  Douglas  Test 
Representative  after  the  Instrumented  data  has  been  reduced.  The 
anticipated  surface  temperatures,  calculated  by  a  Douglas  computer 
program,  are: 


Mach  2.4:  349°F  (10  minute  exposure) 

Mach  2.6:  419°F  (10  minute  exposure) 

M*ch  3.0:  554°F  (3  minute  exposure) 

Time  Increments  for  specimen  tunnel  Injections  are  given  In  Table  3 
for  each  of  the  three  Mach  number  test  conditions.  They  are  5,  10  and 
15  minutes  for  Mach  2.4  and  Mach  2.6,  and  1/2  and  3  minutes  for  Mach  3.0. 
These  times  are  based  on  anticipated  aircraft  operating  conditions  and  are 
tentative.  Deterioration  of  the  plastic  materials  at  the  high  temperatures 
expected  at  the  selected  Mach  numbers  may  force  a  reduction  In  the  length 
of  tunnel  Injection  or  termination  of  a  specimens  usefulness.  The  total 
estimated  times  would  be  subsequently  affected.  The  estimated  times, 
calculated  for  6  minutes  between  Injections  and  12  minutes  to  change  a 
specimen,  are  based  on  actual  times  from  Reference  1  for  a  previous 
test. 


a  Arrangement  for  Tunnel  Grid  Viewing 


Pre-test  and  post-test  photographs  will  be  taken  by  the  AEDC/ARO  of 
each  test  specimen. 

Tolerances 

Uncertainties  of  the  basic  tunnel  parameters  will  be  estimated  from 
repeated  calibrations  of  the  stagnation  temperature  and  pressure  Instruments 
by  verifying  repeatability  and  uniformity  of  the  tunnel  flow  during 
calibration  and  will  not  exceed: 

+0.5%  for  Mach  number, 

+0.5  PSI  for  Stagnation  Pressure, 

+0.5%  for  Stagnation  Temperature. 

The  Instrumented  panel  surface  pressure  measurements  will  be  within 
+0.5  PSI  and  the  heat  transfer  coefficients  within  *6  percent.  The 
specimen  temperature  measurements  will  be  within  +4°F.  Model  attitudes 
will  be  within  +0.2  degrees.  Deviations  to  these  conditions  may  be 
approved  by  the  on-site  Douglas  Test  Representative. 

TEST  PROCEDURE 

This  test  program  will  be  conducted  In  the  following  sequences  per  the 
test  schedule  given  In  Table  3  and  the  specimen  test  environments  given 
in  Table  4.  Each  specimen  will  be  Injected  Into  the  tunnel  flow  for 
the  time  Increment  shown  In  Table  3  or  until  failure.  The  Injection 
sequence  or  length  of  exposure  may  be  altered  at  the  discretion  of  the 
Douglas  Test  Representative  and  as  necessitated  by  the  facility  capabilities. 
Termination  of  testing  for  a  specimen  or  substitution  of  specimens  will 
be  determined  by  the  Douglas  representative.  The  sequence  does  not  Include 
provisions  for  completing  the  test  over  three  nights  and  does  not  recog¬ 
nize  the  time  constraints  for  each  shift.  The  AEDC/ARO  test  engineer 
will  determine  how  many  specimens  will  be  run  each  night. 
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1.  Paint  the  grid  pattern  on  the  tunnel  floor. 

2.  Obtain  photographs  of  the  specimens  and  grid  board  specimen 
photograph  (Figure  21). 

3.  Install  the  wedge  and  cabin  simulator  to  the  sting  and  set  the 
wedge  angle  to  the  specification  of  Table  4  for  the  Mach  2.4 
condition.  The  angle  between  the  wedge  and  cabin  simulator  Is 
to  be  set  at  15  degrees. 

4.  Photograph  the  grid  panel  on  the  tunnel  wall  through  the  quartz 
window  In  the  cabin  simulator  prior  to  the  test  and  before  a 
specimen  Is  Installed  (Figure  22). 

5.  Install  the  Instrumented  panel  In  the  cabin  simulator  and  bolt 
the  cover  securely  to  restrain  the  panel  In  the  cabin  simulator. 
Connect  the  Instrumentation. 

6.  Inject  the  Instrumented  panel  Into  the  tunnel  flow  for  a  period 
of  time  sufficient  to  determine  pressure  distributions  and 

heat  transfer  rate  distributions  and  record  the  necessary  infor¬ 
mation  for  the  Mach  2.4  simulation. 

7.  Reset  the  wedge  and  perform  the  Mach  2.6  and  Mach  3.0  tests. 

8.  Retract  and  remove  the  Instrumented  panel  from  the  cabin  simulator. 

9.  Reset  the  wedge  for  the  Mach  2.4  position. 

10.  Prepare  the  appropriate  specimens  designated  In  Table  3  for  the 
thermal  paint  tests  by  applying  phase-change  paint  per  AEDC/ARO 
procedures.  The  temperature  rating  of  the  paint  will  be  determined 
by  the  Douglas  Test  Representative  after  Initial  reduction  of 

the  Instrumented  panel  data.  The  specimens  must  be  cleaned  with 
water  or  Isopropyl  alcohol  and  dried  with  a  Kaydry  prior  to 
painting. 

11.  Perform  the  thermal  mapping  sequence  per  the  techniques  specified 
by  the  AEDC/ARO  for  the  Mach  2.4  test  conditions. 

12.  Reset  the  wedge  for  the  Mach  2.4  test  simulation  per  Table  4. 
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13.  Prepare  specimens  for  tunnel  Injection.  Clean  the  face  of  the 
specimen  prior  to  each  Injection  by  hand  rinsing  with  clean  water 
and  wipe  dry  with  a  Kaydry,  or  equivalent,  paper  towel.  In 
the  event  that  the  water  and  hand  rubbing  does  not  properly 
dislodge  foreign  material  from  the  face  of  the  specimen.  Isopropyl 
alcohol  may  be  substituted  for  the  water. 

14.  Install  the  specimen  In  the  cabin  simulator  and  connect  the 
thermocouples  to  the  hookups. 

15.  Perform  the  Mach  2.4  testing  by  Injecting  the  specimens  Into  the 
tunnel  for  the  proper  time  Increments  as  noted  In  Table  3  and  the 
specifications  noted  In  Table  4. 

16.  Take  In-tunnel  grid  photos  at  the  beginning  and  end  of  each 
Injection.  Take  Intermediate  photos  at  two  minute  intervals 
throughout  the  Injection. 

17.  Take  a  Schlleren  flow  field  photograph  after  the  airflow  has 
steadied. 

18.  Use  continuous  video  coverage  to  observe  the  specimens  during 
injection. 

19.  Record  thermocouple  readings  at  the  rate  of  three  per  minute 
throughout  the  Injection. 

20.  Retract  and  cool  the  specimen  to  16C°F  as  measured  by  the  Internal 
thermocouples. 

21.  Make  a  visual  Inspection  of  the  specimen  and  record  observations. 

22.  Re-Inject  or  replace  the  specimen  as  noted  In  Table  3  or  as 
advised  by  the  Douglas  Test  Representative. 

23.  Repeat  steps  13  through  22  and  complete  the  Mach  2.4  test  effort. 

24.  Take  post-test  photographs  of  the  specimens  and  record  the  Mach 
number,  specimen  serial  nunber.  Injection  time  period,  and  Injec¬ 
tion  number. 

25.  The  primary  specimens  are  to  be  tested  as  shown  In  Table  3  during 
the  f*rst  night  of  testing.  Secondary  specimens  may  be  substltuced 


at  the  discretion  of  the  Douglas  Test  Representative.  Specimens 
not  tested  on  the  first  night  will  be  tested  on  the  next  night. 
Termination  of  tunnel  tests  for  a  specimen  will  be  determined  by 
the  Douglas  Test  Representative. 

26.  Reset  the  wedge  for  the  Mach  2.6  simulation. 

27.  Perform  the  Mach  2.6  thermal  mapping,  per  Table  3  and  steps  10 
and  11. 

28.  Perform  the  Mach  2.6  specimen  testing  per  Tables  3  and  4  and  as 
described  above  In  Steps  13  through  25. 

29.  Reset  the  wedge  for  the  Mach  3.0  simulation. 

30.  Perform  the  Mach  3.0  thermal  mapping  per  Table  3  and  Steps  10 
and  11. 

31.  Perform  the  Mach  3.0  testing  per  tables  3  and  4  and  as  described 
above  In  Steps  13  through  25. 

DOCUMENTATION  AND  DATA  REDUCTION 

The  following  data  shall  be  provided. 

1.  Tabulated  and  plotted  longitudinal  pressure  distribution  and 
lateral  pressure  distribution  ( PS  I A  versus  Inches)  across  the 
face  of  the  Instrumented  panel  for  the  Mach  2.4,  2.6  and  3.0 
test  conditions. 

2.  Tabulated  and  plotted  longitudinal  heat  transfer  distribution  and 
lateral  heat  transfer  distribution  (BTU/FT^-Sec-°R  versus  Inches) 
across  the  face  of  the  Instrumented  panel  for  the  Mach  2.4,  2.6 
and  3.0  test  conditions. 

3.  The  temperature/ time  history  (°F  versus  seconds)  for  each  specimen 
and  Injection,  Including  test  temperature,  pressure  and  specimen 
Injection  time. 

4.  Schlleren  shadowgraph  photographs  to  document  a  comparison  between 
the  predicted  shock  angle  and  the  actual  test  conditions. 
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5.  Pre-test  and  post-test  photographs,  Including  pre-test  photographic 
positive,  of  a  grid  viewed  through  the  specimen  at  an  angle  of 
Incidence  of  60  degrees  (30  degrees  with  the  llne-of-slght).  The 
grid  must  extend  beyond  the  edge  of  the  specimen.  The  photographs 
of  the  grid  will  be  of  a  quality  such  that  distortion  Is  clearly 
defined. 

6.  Sequential  In-tunnel  grid  photographs  with  a  photographic  positive 
of  the  first  In-tunnel  photo.  These  photographs  will  allow  a 
comparison  to  be  made  of  the  grid  lines  between  the  first  and 
last  photo. 

7.  Post-test  photographs  to  document  surface  deteriorations. 

8.  All  data  will  be  appropriately  labeled  with  Mach  number,  specimen 
serial  number.  Injection  period  number,  and  Injection  time 
Increment. 

9.  The  sequence  of  photographs  showing  the  time/ temperature  heating 
patterns  taken  during  the  thermal  mapping  testing.  Including 
heat  transfer  coefficients  versus  time  frame  for  the  teflon 
panel . 
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SECTION  III 
TEST  OPERATION 

This  section  describes  the  pre-test  activities  and  the  operation  of 
the  test.  It  presents  the  injection  sequence,  a  summary  of  injections, 
the  specimen  exposure  times,  and  a  summary  of  times  to  complete  specific 
operations.  A  general  description  of  the  test  Is  presented  along  with  a 
comparison  of  the  test  as  performed  and  the  test  as  planned. 

PRE-TEST  ACTIVITIES 

Prior  to  delivery,  the  specimens  were  measured  by  the  vendors  for 
light  transmission  through  the  panels  and,  except  for  Sierracin,  haze 
levels. 

Douglas  personnel  examined  the  specimens  when  received  at  Douglas  and 
prior  to  testing  at  the  AEDC.  Two  of  the  specimens,  GY21  and  GY23,  were 
noted  as  having  cracked  face  plies.  The  cracks  originated  at  the  holes 
drilled  through  the  face  plies.  Further  Investigation  revealed  that  the 
cracks  occurred  during  fabrication.  The  Texstar  specimens  had  been 
marred  with  scratches  and  imperfections,  and  their  thicknesses  were  not 
constant.  The  thickness  varied  fron  one  corner  diagonally  to  the  other 
comer,  0.110  inch  for  TEX21  and  0.030  inch  for  TEX21A. 

TEST  OPERATION 

The  sequence  of  tunnel  injection  for  the  specimens  Is  shown  In  Table  5. 
The  first  two  lines  of  this  table  refer  to  the  instrumented  panel  insertions 
(IP)  and  the  thermal  paint  tests  for  the  teflon  panel  (TP).  The  remaining 
data  refer  to  specimen  Injections.  The  letter  "T",  such  as  12T  for  SK21A, 
refers  to  a  thermal  paint  insertion.  The  letter  "F",  such  as  24F  for 
PPG21,  refers  to  a  specimen  that  had  been  considered  to  have  failed.  The 
total  numb*:-  of  Injections,  85,  does  not  Include  Number  15  (aborted  early), 
and  Numbers  58  and  59,  which  were  Inadvertently  skipped.  The  Injection 
numbers  listed  in  Table  5  were  assigned  by  the  AEDC  Test  Director  as  the 
test  progressed.  A  summary  of  the  number  of  injections  is  given  In  Table  6. 


TABLE  5.  INJECTION  SEQUENCE 


SPECIMEN 

MACH  2.4 

MACH  2.6 

MAOULQ_ 

IP 

(1) 

(1) 

(1) 

TP 

10  T 

11  T 

44  T 

37  T 

88  T  | 

EH 

15(2) 

16  17 

18 

■I 

85  F 

|gg|| 

48 

49  F 

■ 

SK21 

19 

20 

50 

51 

73 

74 

SK21A 

12  T 

45  T 

SK22 

52 

53 

54 

75 

76 

SK22A 

13  T 

46  T 

SK23 

55 

56 

77 

78 

SK23A 

14  T 

47  T 

ESLH 

21 

22 

57 

60 

79 

42  T 

43  T 

61 

62 

80  F 

PPG21 

23 

24  F 

i 

PPG21A 

81  F 

PPG22 

35  F 

PPG22A 

• 

66  F 

f 

p;i 

67 

68  F 

1 

69 

70  F 

29 

30 

71 

72 

GY  04 

31 

32 

82 

GY05 

33 

34 

83 

25 

26  F 

63 

64  F 

84  F 

GY  24 

36 

37  F 

GY25 

38 

39  F 

GY26 

40 

41  F 

TEX21 

27 

28 

86  F 

TEX21A 

65  F 

■H 

NOTES:  (1)  Injection  1  through  9-1nstnjmented  panel. 

(2)  Aborted  at  27  seconds  -  no  photoqraohy. 

(3)  T  Indicates  thermal  paint  Injections. 

(4)  F  Indicates  specimen  failed. 
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Table  7  lists  the  exposure  times  In  seconds  for  each  specimen  and 
the  total  exposure  time  at  each  Mach  number  In  hours. 

Table  8  Is  a  suninary  of  test  times.  It  shows  the  total  time  £o  com¬ 
plete  each  of  three  grvups  of  tests,  Instrumented  panel,  thermal  paint, 
and  material,  as  well  as  the  actual  specimen  exposure  time.  It  defines 
the  average  time  required  to  cool  a  specimen  to  I60°F  between  Injections, 
and  the  average  time  taken  to  replace  a  specimen.  These  figures  do  not 
Include  tunnel  warm-up  time,  facility  breakdown,  or  time  lost  due  to 
other  Interruptions. 

The  tunnel  test  operation  commenced  with  the  Installation  of  the  Instru 
mented  panel  to  obtain  heat  transfer  and  pressure  distributions  across  the 
panel  surface  and  to  provide  definition  of  the  test  environment.  These 
data  were  obtained  at  Mach  3.0,  Mach  2.6  and  Mach  2.4.  Nine  injections 
were  made  which  consumed  3  hours,  as  shown  In  Table  8.  This  time  period 
agrees  with  the  estimated  time  given  In  Table  2. 

During  the  first  night  of  testing,  the  limitations  of  the  facility 
were  observed.  It  required  maximum  utilization  of  the  available  facility 
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capabilities  to  obtain  and  hold  the  required  conditions  for  simulation  of 
the  Mach  2.6  and  3.0  flight  environment.  That  the  equipment  was  at  Its 
limits  was  evident  when  the  morning  shut  down  occurred  early  to  prevent 
the  destruction  of  an  overheated  compressor.  The  remainder  of  the  testing 
was  adversely  affected  by  the  tunnel  working  at  Its  limits.  Time  needed 
to  accomplish  the  desired  testing  was  lost  due  to  longer  warm-up  times, 
equipment  breakdowns,  and  longer  times  to  cool  down  and  change  specimens 
than  estimated. 
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TABLE  8.  SUMMARY  OF  TEST  TIMES 


OPERATION 

TIME  (NOTED)  | 

MACH  2.4 

MACH  2.6 

MACH  3.0 

TOTAL 

TI*  TO  COMPLETE  INSTRUMENTED 
PANEL  TESTS 

3  HR 

TIME  TO  COMPLETE  THERMAL 

PAINT  TESTS 

2  HR 

2  HR 

0.5  HR 

4.5  HR 

TOTAL  SPECI1CN  EXPOSURE  TI* 

3.3  HR 

2.9  HR 

0.6  HR 

6.9  HR 

TIME  TO  COMPLETE  SPECIMEN 

TESTS 

9  HR 

7  HR 

3.3  HR 

19.3  HR 

AVERAGE  TIME  TO  COOL  A 

SPECIMEN  BETVEEN  INJECTIONS 

11  MIN 

9  MIN 

3  MIN 

AVERAGE  TI*  TO  REPLACE  A 
SPECIMEN 

18  MIN 

16  MIN 

18  MIN 

Hot*:  These  elms  do  not  Include  tunnel  warm-up,  facility  shut  down 
or  other  Interruptions. 

Thermal  mapping,  using  phase-change  paint,  was  completed  on  five 
specimens  at  Mach  2.4  as  shown  In  Table  5.  The  teflon  panel  was  Injected 
twice.  This  operation  was  limited  to  five  of  the  nine  planned  specimens 
listed  In  Table  3,  because  observation  did  not  indicate  a  significant 
variation  In  heating  rates  between  specimens  while  the  tests  were  being 
performed.  Thermal  mapping  was  performed  at  Mach  2.6  on  five  of  the  nine 
planned  specimens.  At  Mach  3.0  only  the  teflon  panel  was  Injected.  The 
time  required  to  complete  these  operations  Is  shown  In  Table  8  and  agrees 
with  the  estimated  time. 
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Table  9  is  a  compilation  of  the  total  test  as  planned  and  the  test 
as  performed.  The  number  of  injections  required  was  reduced  for  the 
materials  tests  when  it  became  apparent  that  the  estimated  times  would 
not  allow  sufficient  time  to  complete  the  tests.  The  reduction  in  avail¬ 
able  injection  time  was  due  to  the  longer  time  required  to  cool  and  replace 
the  specimens  (noted  in  Table  8)  and  the  necessity  to  shut  down  the 
tunnel  early  due  to  an  overheated  compressor.  The  scheduled  number  of 
cycles  (5,  10  and  15  minutes  for  Mach  2.4  and  2.6)  was  reduced  to  injec¬ 
tions  of  5  and  10  minutes.  The  temperature  Increase  over  the  last  5  minutes 
did  not  warrant  the  longer  injection  time.  At  Mach  2.4,  13  specimens 
and  26  injections  were  performed  against  12  specimens  and  36  injections 
planned.  Six  specimens  failed.  An  additional  specimen  (PPG22)  with  a 
glass  face  ply  was  tested  because  of  the  failure  of  PPG21. 

At  Mach  2.6,  12  specimens  and  23  injections  were  performed  as  opposed 
to  15  specimens  and  45  injections  planned.  Six  specimens  were  considered 
to  have  failed.  Six  specimens  originally  planned  for  Mach  2.6  testing 
failed  during  the  Mach  2.4  tests. 

At  Mach  3.0,  11  specimens  and  14  Injections  were  completed,  compared 
to  11  specimens  and  22  injections  planned.  To  save  time,  the  1/2  minute 
scheduled  injection  was  not  performed.  It  became  evident  that  insignificant 
internal  heat  was  generated  during  injections  of  SK21,  SK22  and  SK23  for 
1/2  minute.  Five  specimens  failed  during  these  tests. 

To  summarize,  24  of  the  original  27  panels  were  tested  at  Mach  2.4, 

2.6  and  3.0.  Seventeen  failed  and  7  survived.  Three  were  subjected  to 
thermal  paint  tests  only. 

At  the  beginning  of  each  specimen  Injection,  a  shadowgraph  of  the 
flow  field  was  taken,  utilizing  the  facilities  Schlieren  System.  Grid 
line  pictures  were  taken  at  the  rate  of  five  per  injection  for  optical 
evaluation.  Motion  pictures  were  taken  at  the  beginning  of  each  injection 
for  approximately  1/2  to  1  minute.  Video  movies  permitted  the  test 
personnel  and  Douglas  representatives  to  monitor  each  Injection.  The 
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TABLE  9.  PLANNED  INJECTIONS  VERSUS  ACTUAL  INJECTIONS 


NACN  2.4 

NACH  2.1 

NACH  3.0 

mi  or 

PLANNEO 

ACTUAL 

PLANNEO 

ACTUAL 

PLANNED 

actual 

TtST 

iNjtaioKS 

INJECTIONS 

INJECTIONS 

INJECTIONS 

INJECTIONS 

INJECTIONS 

instkucnteo 

PANtl 

if 

If 

If 

If 

If 

If 

TP 

tp 

TP 

TP 

TP 

TP 

SK21A 

SCI  A 

SC1A 

SCI  A 

SC3A 

TIC  MM. 

MINT 

TOTS 

SK22A 

SC2A 

SC2A 

SC2A 

PPG21A 

SC3A 

SC  3A 

SC3A 

SC2A 

PPG2ZA 

SUU21 

PPG21A 

SW22 

PPC22A 

PPG22A 

GT21 

TIX21A 

7IC1A 

SMU22 

(2) 

(3) 

(2) 

(«) 

(S) 

(1) 

SK05 

SKOS 

SK06 

StO«  F 

SKOS  F 

SCI 

SCI 

SCI 

SCI 

SCI 

SCI 

SWU21 

SC2 

SC2 

SC2 

SC2 

PPH21 

PPG21  F 

SC3 

SC3 

SC  3 

SC  3 

ft 022  F 

SUU21 

SWU21 

SWU21 

GT03 

ST  03 

SUU22 

SUU22 

SWU22 

SWU22  F 

6TC4 

ST  04 

PPG21 

PPG21 

HATINIAL 

TOTS 

GTOS 

GTOS 

PPG22 

PPG22 

GT21 

ST21  F 

PPG22A  F 

PP621A  F 

ST2S 

GT24  F 

GT21 

ST21 

GT25 

GT2S  F 

ST  22 

ST  22  F 

ST22 

GT2S 

GT26  F 

ST23 

ST23 

ST23  F 

TtCl 

TtCl 

GT24 

6T26 

ST2S 

ST  04 

6T2C 

ST01  f 

GTOS 

ct  02  r 

ST  03 

TIX21  f 

TtCl 

TEC1A  F 

EEE353I 

12 

13 

IS 

12 

11 

11 

NCTO: 


(1)  F  Indlcatnt  a  iMcIwn  faltura. 

(2)  TNraa  Injaetloaa  utri  olannao  at  Incraaanti  of  5.  10  and  IS  alnutat. 

(3)  Too  tajactlons  worn  conolatad  at  incrwaati  of  S  and  10  aimitat  aacaot  SKOS 
■at  lajoctad  as  ptannod. 

(4)  Two  Injaetlont  K*ra  coaolatad  at  S  and  10  alnuta  lncra*on*t  aicapt  SK22  aat 
lajoctad  as  plannod. 

(5)  Tao  tnjactlons  of  1/2  and  J  alnutas  nor#  plannod. 

(()  On#  InJ  action  of  3  alnutas  «as  coaolatad  aicapt  SCI,  SC2  and  SKI]  «ora  injactad 
as  plannod. 
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movie  camera  was  activated  to  record  any  unusual  reactions  observed  on 
the  video  systems. 


Temperatures  were  recorded  to  provide  temperature/ time  histories  for 
the  Instrumented  specimens.  These  results  are  shown  In  Section  VII. 

Many  thermocouples  failed  to  adhere  to  the  specimen  surface.  Table  10 
lists  the  specimens  that  lost  their  thermocouples. 


TALBE  10.  THERMOCOUPLE  PEEL-OFF 


FACE  PLY 
MATERIAL 


BONDING 

AGENT(2) 


SPECIMEN 


PEEL-OFF 


Acrylic 


M-Bond-600 
M-Bond  600 
PS-18 
PS-18 
PS-18 
PS-18 

M-Bond  600 
PS-18 
PS-18 
PS- 18 
PS- 18 
PS- 18 
PS- 18 


SK05 

SK06 

SK21 

SK22 

SMJ21 

SWU22 

GY01(1) 

GY21 

GY22 

GY23 

GY24 

GY25 

GY26 


GY  02 ( 1 ) 
GY03 ( 1 ) 
GY04(1 ) 
GY05(1 ) 


M-Bond  600 
H-Bond  600 
M-Bond  600 
M-Bond  600 


Glass 


M-Bond  600 
M-Bond  600 
M-Bond  600 
M-Bond  600 
M-Bond  600 


SK23 

PPG21 

PPG21A 

PPG22 

PPG22A 


1)  Previously  tasted  per  Reference  1. 

2)  M-Bond  600  Is  manufactured  by  Micro' 
Measurements  Products. 

PS-18  Is  an  acrylic  based  cement. 


Notes 


The  specimens  were  supported  In  the  cabin  simulator.  After  each 
Injection,  the  specimen  was  cooled  to  160°F  or  less,  as  measured  by  the 
thermocouples,  and  a  visual  Inspection  was  made.  Cooling  was  accomplished 
on  the  front  of  the  specimen  by  venting  the  ambient  air  Into  the  tunnel 
and  over  the  specimen.  At  the  same  time,  cooling  was  accomplished  on  the 
back  side  with  the  cabin  simulator  air.  The  time  to  cool  the  specimens 
to  160°F  varied  from  3  to  11  minutes.  The  visual  Inspection  Included 
Impact  by  tunnel  debris,  observable  Increase  In  haze,  condition  of  the 
edge  retainer,  face  ply  damage.  Interlayer  bubbling,  and  delamlnatlon  of 
the  face  ply.  Host  of  the  failed  specimens  had  sustained  damage  that 
could  be  observed  through  the  video  monitoring  system  during  Injection. 

Selected  specimens  were  returned  to  the  vendors,  after  completion  of 
the  tests  at  AEDC,  for  post-test  light  transmission  and  haze  measurement. 

SUWARY 

A  pre-test  Inspection  revealed  that  the  face  ply  on  two  specimens  were 
cracked. 

A  total  of  85  Injections  were  made;  nine  were  Instrumented  panel  Injec¬ 
tions,  13  were  thermal  paint  Injections,  and  63  were  specimen  Injections. 

The  number  of  specimen  tunnel  Injections  was  reduced  when  It  became 
apparent  during  the  testing  that  the  estimated  times  would  not  allow 
sufficient  time  to  complete  the  scheduled  Injections. 

Twenty-four  of  the  original  27  panels  were  tested  at  Hach  2.4,  2.6  and 
3.0.  Seventeen  failed  and  7  survived. 

Heny  thermocouples  failed  to  adhere  to  the  surface  of  the  specimens 
during  tunnel  exposure. 


SECTION  IV 
TEST  ENVIRONMENT 


Since  the  purpose  of  this  test  program  was  to  determine  the  performance 
of  various  candidate  windshield  materials  at  simulated  flight  conditions. 

It  was  of  paramount  Importance  to  produce  a  test  environment  that  was 
similar  to  flight.  The  data  presented  here,  to  correlate  the  predicted 
test  environment  against  the  actual  test  environment.  Includes  a  summary 
of  the  tunnel  conditions,  shadowgraph  photographs,  and  data  from  Instrumented 
panel  Injections.  Additional  Information  concerning  test  correlation, 
data  acquisition,  data  reduction  and  the  uncertainty  of  measurements 
may  be  found  In  Reference  2. 

TUNNEL  CONDITIONS 

Table  11,  a  summary  of  pertinent  tunnel  data,  shows  actual  values 
compared  to  predicted  values  for  the  test  environment. 

The  altitudes  selected  for  this  test  were  based  on  the  limitations 
of  the  tunnel.  Lower  altitudes  would  have  been  simulated  If  possible. 

The  actual  altitudes  were  about  I  percent  lower  than  predicted.  These 
reductions  were  affected.  In  part,  by  the  lower  free  stream  Mach  number 
of  5.95. 

The  wedge  angles  were  slightly  higher  than  planned.  This  variation 
resulted  In  a  reduction  of  air  flow  across  the  specimen  and,  combined 
with  the  slight  reduction  In  free  stream  tunnel  flow,  reduced  the  wind¬ 
shield  Mach  number  by  about  1  percent,  as  shown  In  Table  11. 

Adiabatic  wall  temperature  ‘s  dependent  on  free  stream  Mach  number  and 
stagnation  temperature.  It  has  a  significant  influence  on  the  windshield 
heat-up  rate  and  final  temperature.  The  wall  temperatures  shown  In 
Table  11  were  calculated  for  the  conditions  that  existed  during  the  Injec¬ 
tions  of  the  Instrumented  panel  (Injections  9,  5  and  1)  for  the  determination 
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of  the  heat  transfer  distributions.  A  recovery  factor  of  0.95  was  used. 

The  stagnation  temperatures  shown  In  Table  11  are  for  the  specimen 
Injections,  and  were  slightly  different  than  for  the  Instrumented  panel 
Injections. 

Approach  pressure  (see  Figure  19),  also  has  a  direct  effect  on  the 
wind-shield  heat-up  rate  and  final  temperature.  The  values  calculated 
from  the  test  results  were  4  to  5  percent  higher  than  the  values  calculated 
for  the  predicted  tunnel  conditions.  The  reduced  Mach  number,  higher 
wedge  angle,  and  Increased  stagnation  pressure  affected  an  Increase 
In  the  approach  pressure.  The  approach  pressures  shown  In  Table  11  were 
calculated  for  the  Instrumented  panel  Injections  (Injections  8,  6  and  3) 
for  pressure  distribution.  Since  the  stagnation  pressure  test  values 
vary,  the  approach  pressure  would  also  vary. 

Variations  In  the  cabin  conditions  are  shown  In  Table  11.  The  cabin 
pressure  was  fairly  steady,  but  the  cabin  temperature  did  Increase  as  the 
Injection  time  Increased.  The  temperatures  achieved  are  considered 
acceptable  for  the  purposes  of  this  test. 

Heat-up  rate  and  final  temperature  are  affected  by  exposure  time. 

The  planned  exposure  times  of  5,  10  and  15  minutes  at  Mach  2.4  and  2.6, 
and  1/2  and  3  minutes  at  Mach  3.0  were  revised  to  save  time.  The  revised 
time  of  5  and  10  minutes  at  Mach  2.4  and  2.6,  and  3  minutes  at  Mach  3.0 
are  considered  to  be  reasonable  for  the  purpose  of  this  test. 

PRESSURE  DISTRIBUTION 

The  pressure  distribution  across  the  surface  of  the  specimens  was 
provided  by  the  data  collected  from  the  instrumented  panel  Injections. 

These  results  are  presented  in  Figures  23,  24  and  25  for  the  simulated 
conditions  of  Mach  2.4  (Injection  8),  Mach  2.6  (Injection  6),  and  Mach  3.0 
(Inactions  2  and  4).  The  test  pressures  varied  from  7.314  PSIA  to 
4.908  PSIA  at  Mach  2.4,  5.653  PSIA  to  3.895  PSIA  at  Mach  2.6,  and  3.890 
PSIA  to  2.723  PSIA  at  Mach  3.0.  The  test  pressures  were  lower  than  the 
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Longitudinal  Distribution,  Y-0  l«ter«1  Distributions 


predicted  pressure  for  all  conditions:  12  percent  lower  at  Mach  2.4, 

9  percent  lower  at  Mach  2.6  and  8  percent  lower  at  Mach  3.0. 

Figure  26  Is  presented  to  show  the  locations  of  the  pressure  orifices 
and  the  heat  transfer  rate  gages  located  on  the  surface  of  the  Instrumented 
panel . 

HEAT  TRANSFER  RATE  DISTRIBUTION 

The  distribution  of  heat  transfer  rate  across  the  surface  of  the  speci¬ 
mens  was  provided  by  the  data  collected  from  the  Instrumented  panel 
Injections.  These  results  are  presented  In  Figures  27,  28  and  29  for 
the  simulated  conditions  of  Mach  2.4  (Injections  7  and  9),  Mach  2.6 
(Injection  5),  and  Mach  3.0  (Injections  1  and  3).  The  figures  show  that 
the  neat  transfer  distributions  were  reasonably  flat.  The  values  varied 
from  69.5  to  91.1  BT\J/ft2-hr-°R  for  the  Mach  2.4  condition,  61.6  to  75.1 
BTU/ft2-hr-°R  for  the  Mach  2.6  condition,  and  48.9  to  58.6  BTU/ft2-hr-°R 
for  the  Mach  3.0  condition.  A  detailed  explanation  of  the  method  used 
to  calculate  these  data  Is  given  In  Reference  8.  The  values  of  the 
heat  transfer  distributions  are  higher  than  would  be  calculated  for  the 
flight  conditions.  This  Is  due  mainly  to  the  shorter  distance  from  the 
stagnation  point  to  the  windshield  on  the  tunnel  model  than  on  an  aircraft. 

SHADOWGRAPH  PHOTOS 

Typical  shadowgraph  photos  are  presented  In  Figures  30  to  Illustrate 
the  shock  Interactions  and  the  flow  field  conditions  that  existed  on  the 
windshield  specimens  In  the  tunnel.  A  shock  wave  that  emanated  from  the 
forward  edge  of  the  wedge  Is  clearly  visible,  as  are  two  waves  that 
originated  at  the  forward  edge  of  the  cabin  simulator  frame.  The  Inter¬ 
section  of  these  waves  produced  an  Interference  shock  wave  that  Impacted 
the  test  specimen  and  rebounded.  The  Imprint  of  this  shock  wave  on  the 
specimen  Is  clearly  visible  In  the  thermal  paint  photos  shown  later 
in  Section  VII.  The  Interference  shock  was  possibly  the  cause  of  the 
variation  In  pressure  from  front  to  back  across  the  specimen  surface. 

The  longer  nose  to  windshield  distance  on  an  aircraft  would  not  produce  such 
an  Interference  shock. 
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Figure  26.  Instrumented  Panel  Showing  Orifice  and  Gage  Locations 


Center  Line 


NACH  3.0  MACH  2.6  (SWU22) 


Figure  30.  Typical  Shadowgraphs. 


*  m 


SUmARY 

The  altitudes  selected  for  these  tests  were  based  on  the  limitations 
of  the  tunnel.  Lower  altitudes  would  have  been  simulated  If  possible. 

The  actual  test  altitudes  were  less  than  planned  by  about  one  percent. 

Tunnel  test  conditions  are  suirmarlzed  as  follows: 

a.  Wedge  angles  were  slightly  higher  than  planned  and  resulted  In 
reduced  velocities. 

b.  Stagnation  temperatures  varied  by  up  to  10°F  from  planned 
temperatures. 

c.  Stagnation  pressures  varied  by  2  PS  I  maximum. 

d.  Approach  pressures  were  4  to  5  percent  higher  than  planned. 

e.  Cabin  temperatures  climbed  steadily  as  Injection  time  Increased. 

f.  Specimen  exposure  times  were  less  than  planned  due  to  a  decrease 
In  the  number  of  Injections  per  specimen. 

g.  Pressure  distribution  across  the  Instrumented  panel  was  lower 
than  planned  and  varied  along  the  length  of  the  panel. 

h.  Heat  transfer  distribution,  according  to  the  Instrumented  panel 
data,  was  reasonably  flat. 

1.  The  shadowgraph  photos  Indicated  the  existence  of  an  Interference 
shock  wave  that  Impacted  each  test  specimen  near  the  aft  edge, 
unlike  real  aircraft  which  have  a  longer  nose  to  windshield 
dimension. 

The  overall  results  of  this  test  Indicated  that  the  attempt  to 
simulate  a  real  flight  environment  was  successful  within  the  limits  of 
the  test  facility  and  hardware. 
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SECTION  V 

MATERIALS  EVALUATION 


Windshield/canopy  materials  for  supersonic  aircraft  must  have  the 
cabablllty  to  survive  the  effect  of  a  high-speed  environment  within  the 
time  frame  of  the  aircraft  operating  conditions.  A  goal  of  this  test 
program  was  to  determine  the  survivability  limits  of  materials  selected 
for  potential  use  as  aircraft  windshields.  These  limits  would  be  estab¬ 
lished  by  subjecting  the  materials  to  simulated  flight  environments 
up  to  Mach  3.0.  The  effect  of  the  test  environment  on  these  materials 
Is  described  In  this  section. 

Twenty-four  of  27  specimens  were  tested  for  material  survivability, 
three  specimens  were  tested  exclusively  as  thermal  paint  tests,  and 
one  specimen  was  tested  for  material  and  survivability  and  thermal  paint 
data.  Table  12  Is  a  summary  of  the  tested  specimens.  Fourteen  specimens 
were  tested  at  one  Mach  number  simulation,  eight  were  tested  at  two 
Mach  number  simulations,  and  two  specimens  (SK21  and  SWU21)  were  tested 
at  the  three  conditions  of  Mach  2.4,  2.6  and  3.0.  Seven  of  13  specimens 
survived  the  Mach  2.4  exposure,  6  of  12  specimens  survived  the  Mach  2.6 
exposure  and  6  of  11  specimens  survived  the  Mach  3.0  exposure.  Seven 
specimens  survived  the  entire  test.  The  thermal  paint  tests  are  dis¬ 
cussed  In  Section  VII.  A  specimen  was  considered  to  have  failed  If  It 
experienced  delamination  or  Interlayer  bubbling. 

To  facilitate  this  evaluation  the  24  specimens  have  been  divided  Into 
four  groups.  The  first  three  groups  are  laminated  specimens  and  the  fourth 
group  Is  monolithic.  The  groups  are  as  follows: 

•  Laminated  -  Acrylic  Face  Ply 
e  No  edge  attachments 
e  With  edge  attachments 

Face  ply  cut  back  from  edge 
Face  ply  extended  to  edge 
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TABLE  12.  SUfttARY  OF  TESTED  SPECIMENS 


THERMAL 

PAINT 

TESTS 


TOTAL 


MATERIAL 

TESTS 


MACH  2.4 

MACH  2.6 

MACH  3.0 

TEFLON  PANEL 

TEFLON  PANEL 

TEFLON  PANEL 

SK21A 

SK21A 

SK22A 

SK22A 

SK23A 

SK23A 

SWU22 

- 

SWU22 

5 

5 

1 

SK05 

SK06  F 

SK05  F 

SK2l 

SK21 

-wr~ 

SK22 

SK22  S 

_ 

SK23 

SK23  S 

SWU21 

SWU21 

SWU21  S 

SUU22 

SWU22  F 

PPG21  F 
PPG22  F 

jj 

PPG22A  F 

PPG21A  F 

— 

GY  01  F 

1 

GY  02  F 

GY  03 

GY03  S 

GY  04 

GY04  S 

GY  05 

GY  05  S 

GY21  F 


GY24  F 
GY25  F 
GY26  F 


TEX21 


13  (6  Failed) 


GY22  F 


GY23  F 


TEX21  F 


TEX21A  F  I 


12  (6  Failed)  11  (5  Failed) 


NOTE:  F  Indicates  specimen  failed. 

S  indicates  specimen  survived  entire  test 


•  Laminated  -  Urethane  Face  Ply,  No  Edge  Attachments 

•  Laminated  -  Glass  Face  Ply,  With  Edge  Attachments 
t  Monolithic  Polycarbonate,  No  Edge  Attachments. 


The  specimens  with  the  acrylic  face  ply  are  subdivided  Into  specimens 
without  edge  attachments  and  those  with  edge  attachments.  The  specimens 
with  edge  attachments  are  divided  into  three  categories:  those  with  the 
face  ply  cut  back,  therefore  undrilled,  those  with  the  face  ply  extended 
to  the  edge  of  the  part,  rabbeted  and  drilled,  and  those  with  a  face  ply 
extended  to  the  edge  of  the  part  and  drilled.  The  specimens  with  the 
urethane  face  ply  and  the  monolithic  specimens  do  not  have  edge  attachments. 
The  specimens  with  the  glass  face  ply  have  edge  attachments,  but  the 
fasteners  are  through  the  edge  frame  and  structural  plies. 

Each  group  of  specimens  Is  described  by  a  table  that  summaries  the 
material  damage,  lists  the  face  ply  and  Interlayer  thickness,  notes 
the  test  conditions,  and  records  edge  deformation. 

Edge  deformation  refers  to  a  step  in  the  face  ply  material  around  its 
perimeter  caused  by  expansion  of  the  unclamped  material  in  the  center  of 
the  specimen.  The  edges  of  the  specimen  are  restrained  by  a  cover  that 
clamps  the  specimen  against  the  pressure  seal  and  holds  the  specimen  In 
the  cabin  simulator.  Slight  edge  deformation  refers  to  a  step  less  than 
0.01-inch.  A  "Yes''  notation  refers  to  a  step  larger  than  0.01-Inch.  The 
maximum  step  found  on  any  specimen  was  approximately  0. 06-Inch. 

LAMINATEO  -  ACRYLIC  FACE  PLY,  NO  EDGE  ATTACHMENTS 

Three  laminated  specimens  are  Included  In  this  category,  SK05,  SK06 
and  GY01.  These  specimens  had  an  acrylic  face  ply,  silicone  or  urethane 
Interlayer,  and  a  polycarbonate  structural  ply  (Figures  3  and  4).  No 
edge  attachments  were  simulated. 

Table  13  presents  a  summary  of  the  test  results.  As  noted,  these 
specimens  were  designed  for  a  previous  test  (Reference  1),  but  only 
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iCIMEN 


GYOl  was  tested.  SK06  and  GY01  were  previously  subjected  to  a  temperature 
of  250°F  as  part  of  an  abrasion  test  (Reference  9).  These  three  specimens 
sustained  delamination  of  the  face  ply  from  the  Interlayer  during  the  last 
seconds  of  tunnel  injection  and  were  considered  to  have  failed.  Specimen 
SK05  survived  Mach  2.4  test  but  failed  at  Mach  3.0.  Specimen  SK06  and 
GYOl  failed  at  Mach  2.6.  The  delamination  of  SK06  began  in  the  area  of 
the  imbedded  thermocouple  at  Mach  2.6.  The  delamination  of  SK05,  Figure  31, 
and  GYOl,  Figure  32,  began  near  the  aft  edge  and  spread  forward.  The 
direction  of  air  flow  In  these  figures  was  left  to  right  and  aft  edge  Is 
at  the  right  side  of  the  figure.  The  polycarbonate  along  the  aft  edge  of 
both  specimens  bubbled  and  protruded  about  0. 10-inch.  The  material 
expanded  until  it  contacted  the  forward  face  of  the  simulator  cover 
(Figure  13.  Page  19). 

The  three  specimens  sustained  face  ply  deformation  along  the  edges. 

TABLE  13.  POST-TEST  SPECIMEN  DESCRIPTION  -  ACRYLIC  FACE 
PLY,  NO  EDGE  ATTACHMENTS 


EDGE 

DEFOR¬ 

MATION 


Slloht 


0.030  A 
0.100  S 


SC06 

X3W  * 

0.100  S 


JI01 
“37TOT  A 
0.040  U 


ica  Ply  3#  1  a«H  n*  t  ed  It 
1  In.  Mlqh  Bubble. 


fact  Ply  Oalaelnated  'Jnctr  Thanocouoi*  it  Ena  of 

tnjectlon  -  1  In.  Dlaawtar  Bubble.  Polycarbonate 
Bubbled  »ml  Defotmied  Alonq  Aft  Edge. 


No  Chanda _ Tat 

5a**r*  5*Va«ln*tIon  of  Faca  My  Occurred  at  End  of 

10-Mtnuta  Injection  -  One  4  i  6  tn.  and  two  1.5  In. 

Aubblei  Aft  End.  Pol /carbon* to  Bubbled  and  Oaforacd 
at  Aft  End. 


LAMINATED  -  ACRYLIC  FACE  PLY  CUT  BACK,  EDGE  ATTACHMENTS 

Four  laminated  specimens  are  Included  In  this  category,  SK21,  SK22, 

SWU21,  and  SWU22.  Each  specimen  has  an  acrylic  face  ply,  silicone  Inter¬ 
layer,  and  polycarbonate  structural  ply  as  shown  previously  In  Figures  5 
through  8.  The  face  ply  was  cut  back  and  the  edge  attachments  were  Installed 
through  a  fiberglass  spacer  and  the  structural  ply.  Each  specimen  had  a 
unique  method  of  sealing  the  edge  of  the  face  ply.  A  post-test  damage 
appraisal  Is  shown  in  Table  14. 

TABLE  14.  POST-TEST  SPECIMEN  DESCRIPTION  -  ACRYLIC  FACE 
PLY  CUT  BACK,  EDGE  ATTACHMENTS 
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Specimen  SK21,  Figure  33,  was  tested  at  three  Mach  numbers.  The 
groove  sealant  became  discolored  during  the  Mach  2.4  Injection  and  the 
discoloring  continued  during  subsequent  Injections.  The  reddish  discolor¬ 
ation  was  removed  easily  from  the  sealant  by  lightly  scraping  and  appears 
to  be  residue  from  the  fiberglass  spacer  at  the  forward  edge.  The  groove 
sealant  separated  from  the  face  ply  along  the  aft  side  during  the  final 
Injection.  The  sealant  remained  pliable.  Air  flow  was  from  left  to  right 
In  the  figure. 


Figure  33.  Post-Test  Photo  of  Specimen  SK21. 


Specimen  SK22,  Figure  34,  was  tested  at  Mach  2.6  and  Mach  3.0.  This 
specimen  was  damaged  by  erosion  of  the  adhesive  under  the  aft  steel 
retainer.  The  aft  edge  of  the  polycarbonate  experienced  severe  bubbling 
and  deformation. 
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Figure  34.  Post-Test  Photo  of  Specimen  SK22. 

Specimen  SWU21,  Figure  35.  was  tested  at  Mach  2.4,  2.6  and  3.0.  This 
specimen  sustained  erosion  and  discoloration  of  the  groove  sealant.  The 
discoloration  appeared  to  be  residue  from  the  fiberglass.  The  sealant 
remained  pliable. 

Specimen  SWU22,  Is  shown  in  Figure  36.  This  specimen  suffered  delanv 
Inatlon  during  Its  second  Injection  at  Mach  2.6.  The  delamlnatlon  began 
In  the  area  of  the  Imbedded  thermocouple.  No  erosion  occurred  under  the 
fiberglass  retainer. 

All  four  specimens  experienced  face  ply  deformation  at  the  sides 
due  to  the  restraining  cover. 


LAMINATED  -  ACRYLIC  FACE  PLY,  RA8BETED  AND  DRILLED 

This  group  of  nine-ply  specimens,  GY21,  GY22  and  GY23  are  described 
previously  In  Figures  11  and  12.  They  had  acrylic  face  plies,  silicone 
or  urethane  interlayer,  three  polycarbonate  structural  plies,  and  an 
Inner  acrylic  ply.  The  exterior  acrylic  face  ply  extended  to  the  end 
of  the  panel  and  was  rabbeted  to  accept  a  fiberglass  frame  around  the 
edges.  Three  screws  and  bushings  were  Installed  at  each  end  through  the 
face  ply,  and  twelve  aluminum  spacers  were  Installed  around  the  perimeter 
to  prevent  compression  of  the  Interlayers.  These  spacers  were  filled 
with  sealant. 

An  appraisal  of  the  damage  to  these  specimens  Is  contained  in  Table  15. 

TABLE  15.  POST-TEST  SPECIMEN  DESCRIPTION  -  ACRYLIC  FACE  PLY 
RA8BETE0  AND  DRILLED 
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The  acrylic  face  ply  of  GY21,  shown  In  Figure  37,  had  been  cracked  In 
two  places  during  fabrication.  These  cracks  expanded  during  the  Mach  2.4 
tunnel  Injection  and  precipitated  face  ply  delamlnatlon. 


Figure  37.  Post-Test  Photo  of  Specimen  GY21. 


The  rabbeted  area  of  GY22,  Figure  38,  ruptured  along  the  aft  edge 
during  the  Mach  2.6  exposure  and  exposed  the  interlayer.  Face  ply  delam¬ 
lnatlon  spread  across  most  of  the  surface.  The  fiberglass  filled  poly¬ 
carbonate  bushings  (part  of  the  edge  attachment  system)  melted  and 
flowed  around  the  screws. 
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GY23,  Figure  39,  reacted  similarly  to  GY22.  Holes  were  burned  in  the 
rabbeted  area  of  the  face  ply  and  the  bushings  melted  during  a  Mach  3.0 
exposure.  This  specimen  also  had  a  cracked  face  ply  due  to  fabrication 
procedures.  The  face  ply  became  very  rough.  Delamination  occurred  only 
around  the  edges  of  the  face  ply. 


Figure  39.  Post-Test  Photo  of  Specimen  GY23. 


LAMINA TEO  -  ACRYLIC  FACE  PLY,  DRILLED 

This  group  of  seven  ply  specimens,  GY24,  GY25  and  GY26,  are  described 
previously  In  Figures  11  and  12.  They  had  acrylic  face  plies,  ureti-ane 
or  silicone  Interlayers,  two  polycarbonate  structural  plies,  and  an  acrylic 
Inner  ply.  The  exterior  acrylic  face  ply  extended  to  the  edge  of  the 
part.  The  edge  attachment  screws  and  bushings,  as  well  as  the  peripheral 
spacers  (to  prevent  Interlayer  crushing),  were  installed  through  the 
face  ply. 

An  appraisal  of  these  damaged  specimens  Is  presented  In  Table  16. 


TABLE  16.  POST-TEST  DESCRIPTION  -  ACRYLIC  FACE  PLY  DRILLED 
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SCBIPTICT  Of  SPECIMEH  DAMAGE 
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Specimen  GY24  Is  shown  In  Figure  40.  After  the  first  Mach  2.4  Injection 
slight  delamination  was  visible  in  the  area  of  the  bolts.  During  the  second 


Figure  40.  Post-Test  Photo  of  Specimen  GY24 


Fact  01  y  dal 
251  of  i 

awl  nation  btoan  at  aft  bolts 
turf  act. 

Injection  the  delamination  spread.  The  face  ply  ruptured  and  a  large  seg¬ 
ment  separated  from  the  specimen.  The  face  ply  was  pulled  In  along  the 
edges  and  the  countersink  for  the  screws  had  expanded. 

An  examination  of  GY25,  Figure  41,  revealed  slight  face  ply/ Inter layer 
del  ami  nation  In  the  area  of  the  Imbedded  thermocouples  after  the  first 
Injection  at  Mach  2.4.  Severe  delamlnatlon  occurred  during  the  second 
Injection. 

Specimen  GY26  delaminated  during  Its  second  Injection  at  Mach  2.4. 
Small  areas  of  delamination  were  also  visible  near  the  attachments  and 
spacers. 

These  specimens  were  all  affected  by  edge  deformation  due  to  expansion 
of  the  material  in  the  area  not  clamped  by  the  cabin  simulator  cover. 


Figure  41.  Post-Test  Photo  of  Specimen  GY25. 


LAMINATED  -  URETHANE  FACE  PLY,  NO  EDGE  ATTACHMENTS 

This  group  of  five-ply  specimens,  GY02,  GY03,  GY04  and  GY05,  are 
previously  described  In  Figure  4.  They  had  urethane  face  plies  which 
extended  to  the  edges,  urethane  or  silicone  Interlayer,  and  polycarbonate 
structural  plies.  These  specimens  did  not  have  edge  attachments.  They 
were  tested  previously  In  a  Mach  1.6,  Mach  3.0  and  Mach  2.2  wind  tunnel 
environment  (Reference  1),  and  did  not  sustain  damage. 

An  appraisal  of  the  damage  to  three  specimens  Is  given  In  Table  17. 

TABLE  17.  POST-TEST  SPECIMEN  DESCRIPTION  -  URETHANE  FACE  PLY,  NO 
EDGE  ATTACHMENTS 
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The  urethane  face  ply  of  GY02,  Figure  42,  delaminated  at  the  Imbedded 
thermocouple  and  formed  a  l.0-1nch  diameter  bubble  In  the  face  ply.  It 
Is  not  clear  whether  the  separation  occurred  between  the  face  ply  and 
Interlayer,  or  Interlayer  and  polycarbonate.  The  delamination  occurred 
at  the  end  of  the  second  Injection  at  Mach  2.4.  Post-test  examination 
revealed  bubbles  and  deformation  of  the  outer  polycarbonate  ply  along 
Its  aft  edge.  The  polycarbonate  bubbled  and  expanded  aft  about  0.10-Inch 
until  It  contacted  the  surface  of  the  simulator  cover  as  evidenced  by  Its 
flat  shape.  The  Intensity  of  the  bubbles  gave  the  polycarbonate  a  frothy 
appearance,  as  shown  In  Figure  43.  Similar  bubbling  occurred  at  each 
corner  of  the  forward  edge.  Minute  bubbles  are  visible  throughout  the 
urethane  Interlayer. 

GY03,  tested  at  Mach  2.4  and  2.6,  sustained  the  same  type  of  polycar¬ 
bonate  bubbling  as  did  GY02.  A  small  area  of  delamination  was  visible 
along  the  forward  edge.  The  separation  occurred  between  the  Interlayer 
and  the  outer  surface  of  the  outboard  polycarbonate  ply.  The  abraded  spot 
on  the  face  ply,  caused  by  a  salt  impact  test  (Reference  8),  disappeared. 


Figure  42.  Post-Test  Photo  of  Specimen  GY02. 


GY04  and  GY05,  tested  at  Mach  2.4  and  3.0,  sustained  slight  edge 
deformation  from  the  simulator  cover. 
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Figure  43.  Post-Test  Photo  of  Specimen  6Y02,  Aft  Edge. 


LAMINATED  -  GLASS  FACE  PLY,  EDGE  ATTACHMENTS 

There  are  six  specimens  with  glass  face  plies,  SK23,  SK23A,  PPG22 , 

PPG22A,  PPG2I  and  PPG21A.  These  specimens  had  edge  attachments  and  fiber¬ 
glass  frames.  Specimens  SK23  and  SK23A  are  described  previously  In 
Figures  5  and  6.  They  had  a  glass  face  ply,  silicone  Interlayer,  and 
polycarbonate  structural  ply.  The  glass  and  Interlayer  were  cut  back  at 
the  forward  and  aft  edge.  The  fasteners  went  through  the  fiberglass  spacer 
and  polycarbonate. 

Specimen  PPG22  and  PPG22A  (Figures  9  and  10)  consisted  of  a  glass  face 
ply,  urethane  Interlayer,  and  glass  structural  ply.  The  edges  were  com¬ 
pletely  enclosed  by  a  fiberglass  frame.  The  edge  fasteners  were  through 
the  frame. 

Specimen  PPG21  and  PPG21A  (Figures  9  and  10)  consisted  of  five  piles: 
a  glass  face  ply,  two  polycarbonate  structural  plies,  and  urethane  Interlayer. 
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The  glass  was  cut  back  from  the  four  edges  and  replaced  with  a  fiberglass 
frame.  The  edge  attachments  were  through  the  frame,  Interlayer  and  poly¬ 
carbonate. 


A  post-test  appraisal  of  these  specimens  Is  contained  In  Table  18. 

TABLE  18.  POST-TEST  SPECIMEN  DESCRIPTION  -  GLASS  FACE  PLY, 

EDGE  ATTACHMENTS 
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Specimen  SK23  Is  shown  In  Figure  44.  This  specimen,  tested  at  Mach 
2.6  and  3.0,  sustained  bubbling  and  deformation  of  the  polycarbonate  struc¬ 
tural  ply  along  the  aft  edge.  The  flatness  of  the  deformed  area  Indicates 
that  this  surface  was  In  direct  contact  with  the  simulator  cover's  aft 
edge.  The  adhesive  that  bonds  the  aft  fiberglass  edge  members,  consisting 
of  two  sheets,  melted  and  ooied  out  from  between  the  two  pieces  of 
fiberglass.  The  sealant  In  the  groove  between  the  edge  of  the  glass  and 
fiberglass  edge  member  was  discolored.  The  discoloration  was  easily 
removed  and  Is  apparently  residue  from  the  fiberglass  edge  member. 
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Figure  45.  Post-Test  Photo  of  Specimen  PPG22A. 

Specimen  PPG21  (Figure  46)  displayed  Interlayer  bubbles  at  the  edges 
after  Its  Initial  Mach  2.4  Injection.  The  entire  surface  bubbled  at  the 
termination  of  Its  second  injection.  The  Interlayer,  which  extends  to 
the  edges  of  this  specimen,  melted  on  all  four  edges,  and  especially 
along  the  forward  and  aft  edges.  Specimen  PPG21A  (identical  to  PPG21) 
suffered  Interlayer  bubbling  early  In  Its  Mach  3.0  Injection  and  was 
retracted. 


Figure  46.  Post-Test  Photo  of  Specimen  PP621 


MONOLITHIC  POLYCARBONATE,  NO  EOGE  ATTACHMENTS 

These  specimens,  TEX21  and  TEX21A,  were  1.00  Inch  thick,  coated, 
monolithic  polycarbonate.  They  did  not  have  a  frame  or  edge  fasteners. 
An  appraisal  of  the  damage  to  these  specimens  Is  given  In  Table  19. 

TEX21  was  tested  at  Mach  2.4  for  5  and  10  minutes  and  at  Mach  3.0 
for  1  minute.  Hating  occurred  at  I  minute  of  Its  Initial  Injection  but 
did  not  Increase  after  about  1.5  minutes.  No  change  occurred  during 
Its  second  Injection.  It  was  Injected  at  Mach  3.0  but  bubbled  and  was 
removed  at  about  1  minute.  The  bubbles  are  on  the  extreme  exterior 
surface  but  under  the  protective  coating.  Figure  47,  shown  below.  Is  a 
post-test  photo  of  Specimen  TEX21.  The  surface  of  the  specimen  had  a 
series  of  random  cracks  In  the  coating,  which  gave  the  appearance  of 
“dry  mud". 


TABLE  19.  POST-TEST  SPECIMEN  DESCRIPTION  -  MONOLITHIC 
POLYCARBONATE,  NO  EDGE  ATTACHMENTS 
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Figure  47.  Post-Test  Photo  of  Specimen  TEX21 


Specimen  TEX21A  Mas  Injected  for  5  minutes  at  Mach  2.6.  Slight 
surface  bubbling  occurred  throughout.  Severe  bubbling  oocurred  at  the 
aft  corner.  Surface  cracks  appeared  as  shown  in  Figure  48.  These  cracks, 
as  noted  previously,  had  a  “dry  mud"  appearance.  Very  fine  surface  ripples 
occurred  at  each  end  of  the  specimen,  adjacent  to  the  frame,  where  there 
was  movement  of  the  material. 


TEX21  and  TEX21A  were  examined  under  a  microscope.  It  was  verified 
that  the  bubbles  did  occur  In  the  outer  surface  of  the  polycarbonate. 
Many  of  the  bubbles  were  covered  with  the  protective  surface  coating, 
while  others  had  ruptured  the  coating.  The  coating  cracks  were  about 
I  to  4  mils  wide  and  did  appear  to  penetrate  Into  the  polycarbonate. 


Figure  48.  Post-Test  Photo  of  Specimen  TEX21A 


SUftlARY 


Twenty-four  specimens  were  tested:  7  of  13  survived  exposure  at  Mach  2.4 
6  of  12  survived  exposure  at  Mach  2.6,  and  6  of  11  survived  at  Mach  3.0. 
Subsequent  testing  of  a  specimen  at  more  than  one  Mach  number  led  to  further 
failures  but  seven  specimens  were  undamaged  at  the  completion  of  the  tests. 


Thirteen  of  the  tested  specimens  had  acrylic  face  plies.  Three 
survived.  The  survivors  (SK21,  SK22  and  SVU21)  were  of  the  acryl Ic/sll leone/ 
polycarbonate  construction  with  edge  fasteners. 


Four  of  the  tested  specimens  had  urethane  face  plies.  Three  survived 
(GY03,  GY04  and  GY05).  These  specimens  had  urethane  and  silicone  Inter¬ 
layers  and  polycarbonate  structural  plies. 


Five  of  the  tested  specimens  had  glass  face  plies.  The  one  survivor 
(SK23)  had  a  silicone  Interlayer.  The  failed  specimens  (all  PPG  panels) 
sustained  severe  Interlayer  bubbling. 


Two  coated  monolithic  polycarbonate  panels  (TEX21  and  TEX21A)  were 
tested  and  failed  at  the  higher  velocities,  after  surviving  a  Mach  2.4 
exposure. 

The  edge  designs  of  certain  specimens  precipitated  premature  failures, 
specifically  the  specimen  with  the  rabbeted  face  ply  (GY21,  GY22  and 
GY23 ) ,  and  the  specimen  which  extended  the  face  ply  to  the  edge  without 
an  edge  frame  (GY24,  GY25  and  GY26).  The  rabbeted  specimens  were  damaged 
by  holes  burned  through  the  rabbeted  area  of  the  face  ply.  Two  of  these 
specimens  (GY22  and  GY23),  tested  at  Mach  2.6  and  3.0,  had  the  plastic 
bushings  melt.  The  remaining  specimens  (GY24,  GY25  and  GY26),  tested  at 
Mach  2.4,  sustained  severe  face  ply  delamlnatlon  which  appeared  to  originate 
at  the  attachments. 

The  design  utilizing  a  metal  retainer  (SK22)  failed  due  to  sealant 
erosion  under  the  retainer.  The  "V"  groove  edge  (SK21)  sustained  partial 
delamlnatlon  of  the  groove  sealant.  The  square  grooved  specimen  (SK23 
and  SWU21)  survived  without  damage. 

Many  of  the  specimens  with  polycarbonate  plies  (SK05,  GY01,  SK22, 

GY03,  and  SK23)  sustained  bubbling  of  the  polycarbonate  along  the  panel 
aft  edge.  Indicating  higher  edge  temperatures  than  at  the  mid  section 
or  forward  edge.  This  is  attributed  to  the  rebound  shock  mentioned  In  the 
previous  chapter  which  caused  higher  heating  rates  at  the  aft  edge 
(see  Chapter  VII).  Also,  the  aft  edge  of  the  simulator  cjver  (Figure  13), 
was  an  apparent  heat  sink  and  resulted  In  higher  temperatures  In  that 
area. 

Prior  to  this  test  program  the  aerodynamic  effects  of  a  Mach  2.4  through 
Mach  3.0  environment  on  transparent  plastic  and  Interlayer  materials  was 
not  known.  It  had  been  anticipated  that  the  selected  materials  might  not 
survive  high  temperatures  generated  at  these  velocities.  The  tests  have 
shown  that  plastic  face  ply  materials,  such  as  as-cast  acrylic  and  urethane 
and  silicone  and  urethane  Interlayers  will  survive  the  high  temperatures 
experienced  at  Mach  2.4  through  Mach  3.0  for  short  exposures. 


SECTION  VI 
OPTICS  EVALUATION 


Windshield/canopy  materials  for  supersonic  aircraft  must  have  the 
capability  to  survive  the  effect  of  a  high-speed  environment  within  the 
time  frame  of  the  potential  aircraft  operating  conditions,  and  still 
provide  a  relatively  undistorted  view  for  the  pilot.  A  goal  of  this 
program  was  to  define  the  optical  distortion  that  might  be  sustained  by 
a  series  of  la.T^nated  windshield  configurations  for  potential  use  in 
Mach  3.0  aircraft.  This  evaluation  was  achieved  by  testing  23  specimens 
In  a  wind  tunnel  environment  of  Mach  2.4,  2.6  and  3.0  and  measuring  the 
resultant  in-tunnel  optical  distortion,  the  permanent  optical  distortion, 
the  loss  of  light  transmission,  and  the  increase  In  haze.  The  results 
of  this  evaluation  are  presented  In  this  section. 

OPTICAL  DISTORTION 

Five  in-tunnel  photos  were  taken  through  each  specimen  of  a  lined  grid 
painted  on  the  tunnel  wall.  After  testing,  first  and  last  photos  were 
superimposed  to  show  the  apparent  line  distortion  and  loss  of  line 
clarity.  The  apparent  grid  size  In  these  Included  photos  Is  0.17  inch. 
Loss  of  light  transmission  and/or  severe  distortion  thwarted  the  use  of 
some  of  the  photos. 

Pre-test  and  post-test  photos  were  taken  through  each  specimen  of  a 
lined  grid  board.  These  photos  were  superimposed  to  show  apparent  line 
distortion  as  a  measure  of  permanent  distortion.  The  apparent  grid  size 
in  these  photos  is  0.25  inch. 


Evaluation  of  the  23  specimens  is  divided  into  six  categories: 

•  Three  Ply  Laminated  Specimens  with  Acrylic  Face  Ply 

e  Five  Ply  Laminated  Specimens  with  Acrylic  or  Urethane  Face  Ply 
e  Seven  Ply  Laminated  Specimens  with  Acrylic  Face  Ply 
e  Nine  Ply  Laminated  Specimens  with  Acrylic  Face  Ply 

•  Laminated  Specimens  with  Glass  Face  Ply 

•  Monolithic  Polycarbonate  Specimens. 
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Three-Ply  Laminated  Specimens 

Five  specimens  are  included  in  this  group:  SK05,  SK06,  SK21,  SK22 
and  SWU21.  These  three-ply  specimens  were  fabricated  with  an  acrylic  face 
ply  and  a  polycarbonate  structural  ply  joined  by  a  silicone  interlayer. 
Specimens  SK05  and  SK06  were  described  previously  in  Figure  3,  SK21  and 
SK22  in  Figure  5,  and  SWU21  in  Figure  7.  SK05  and  SK06  were  designed  for 
a  previous  test  (Reference  1).  Table  20  presents  a  photo  evaluation 
summary.  The  grid  line  photos  are  shown  In  Figures  49  through  59. 

Figure  49  shows  grid  board  photos  of  Specimen  SK05  before  and  after 
tunnel  testing,  and  an  overlay  of  the  two  photos.  Similar  photos  are 
shown  in  Figures  50,  51,  52,  and  53  for  Specimens  SK06,  SK21,  SK22  and 
SWU21.  The  delamination  suffered  by  SK05  is  evident  in  Figure  49.  Hazi¬ 
ness  is  visible  in  all  the  pre-test  photos  and  is  seen  by  comparing  the 
specimen  surface  with  the  lines  beyond  the  frame  of  the  specimen.  The 
oval  shaped  hazy  spot  visible  in  SK06  (lower,  center)  was  caused  by  an 
abrasion  test  (Reference  9).  All  specimens  suffered  distortion  at  the 
edges  of  the  specimens.  Slight  line  displacement  Is  seen  in  the  overlays. 

The  final  tunnel  photos  and  overlays  for  the  Mach  2.4  injections  are 
presented  In  Figures  54  and  55  for  Specimens  SK05,  SK21  and  SWU21.  These 
were  the  last  photos  taken  during  the  10-minute  Injections.  Specimen  SK21 
sustained  more  distortion  than  SK05  and  SWU21.  The  cross  section  of  SK21 
and  SWU21  were  identical.  Maximum  line  displacement  is  about  0.18  Inch 
for  the  horizontal  lines  of  SK21. 

Photos  and  overlays  for  the  Mach  2.6  Injections  are  exhibited  in 
Figures  56  and  57  for  the  10-minute  Injection  of  Specimens  SK06,  SK21, 

SK22  and  SWU21.  Specimen  SK06  and  SWU21  display  the  clearest  line 
definition.  Specimen  SK06  shows  the  largest  line  displacement,  0.25  inch 
for  its  horizontal  lines. 

Photos  and  overlays  for  the  3-mlnute  injection  of  Specimen  SK05,  SK22 
and  SWU21  at  Mach  3.0  are  exhibited  in  Figures  58  and  59.  The  line 
quality  is  better  for  SK05  and  SWU21  than  for  SK22.  Line  displacement 
for  SK05  is  0. 25-inch  maximum  for  the  horizontal  lines. 
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TABLE  20.  EVALUATION  OF  GRID  LINE  PHOTOGRAPHS 
FOR  THREE-PLY  LAMINATED  SPECIMENS 
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Figure  54.  Tunnel  Photos  for  Specimens  SK05,  SK21  and  S’rtl2l  at  Mach  2.4 
(10-M1nute  Injection). 
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SWU21  -  INJECTION  22 


Floure  55.  Overlays  of  Tunnel  Photos  for  Specimens  SK05,  SK21  and  SWU21 
at  ‘lach  2.4  (10-Jllnute  Injection). 


102 


iti« 


«tia 


tin 


!) 


I* 


H 


tf 


Wi 


ammmm 


iaa 


*» 


*•« 


* 


UK 


•  i  w  a  n  w  ** 

IIISWl  *n 

*  i  *i  a  wr  m  m 

'■  ■  V5  *fj  flp 

S5T  V$BBir 

IRM9K* 

nn»«® 


« . 


m 


#  «! 


■r* 


■« 


■Vi 


vit 


■a. 


RflllV 


mmmmmmmmm 


i£~Em#~T 


Flqure  56.  Tunnel  Photos  for  Specimens  SK06,  SK21 ,  SK22  and  SWII21  at  Mach  2.6  (10-Minute  Injection). 
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Figure  57.  Overlays  of  Tunnel  Photos  for  Specimens  SK06,  SK21 ,  SK22  and  SVNI21  at  Mach  2.6 
(10-M1nute  Injection). 


Figure  S8.  Tunnel  Photos  for  Specimens  SK05,  SK21 ,  SK22  and  SHII21  at  Mach  3.0  (3-Minute  Injection). 
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Figure  59.  Overlay  of  Tunnel  Photos  for  Specimens  SK05,  SK22  and  S*.VU?T 
at  Mach  3.0  (3-Minute  Injection). 
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The  five  specimens  In  this  group,  GY01,  GY02,  GY03,  GY04  and  GY05 
were  fabricated  with  an  acrylic  or  urethane  face  ply  and  two  polycarbonate 
structural  plies.  These  specimens  were  previously  described  In  Figure  4 
and  were  designed  and  previously  tested  as  noted  In  Reference  1.  Specimen 
GY01,  GY02  and  GY03  were  also  tested  for  face  ply  abrasion  per  Reference  8, 
and  the  resultant  hazy  spot  Is  visible  on  the  lower  center  area  of  these 
three  specimens.  Table  21  presents  a  summary  of  the  photo  evaluation. 

The  grid  line  photos  are  shown  In  Figures  60  through  70. 

Figures  60  through  64  show  grid  board  photos  of  the  five  specimens 
taken  before  testing  and  at  the  test  completion.  Overlays  of  pre-test 
and  post-test  photos  are  also  shown  for  GY02  through  GY05.  All  five 
specimens  show  distortion  and  loss  of  line  clarity  at  the  edges.  There 
Is  slight  line  displacement  visible  In  the  photo  overlays. 

Figure  65  presents  the  final  tunnel  grid  line  photos  for  the  10-minute 
Injections  of  GY03,  GY04  and  GY05  at  Mach  2.4.  Figure  66  displays  overlays 
for  the  same  Injections.  The  dark  oval  spots  In  the  GY03  overlay  (Figure  66) 
Is  not  visible  in  the  final  tunnel  photo  (Figure  65).  This  area  was  abraded 
with  salt  (Reference  9).  The  photos  Indicate  consistent  distortion  for  the 
three  specimens.  The  maximum  horizontal  line  displacement  Is  approximately 
0.20  Inch  for  each  specimen. 

Photos  and  overlays  are  presented  In  Figures  67  and  68  for  Specimens 
GY01,  GY02  and  GY03  at  Mach  2.6.  These  Injections  were  five  minutes  for 
Specimens  GY01  and  GY02,  and  10  minutes  for  GY03.  The  oval  spots  In  the 
photos  for  GYOi  and  GY02  resulted  from  salt  abrasion  (Reference  9). 

Specimen  GY02  displays  the  least  severe  line  distortion  among  the  three 
specimens.  Maximum  line  displacement  approaches  0.25  Inch  for  GY03. 

The  final  tunnel  grid  line  photos  and  overlays  for  the  3-minute 
Mach  3.0  Injections  are  exhibited  In  Figures  69  and  70  for  Specimens  GY04 
and  GY05.  The  most  severe  distortion  occurred  In  Specimen  GY04.  The 
displacement  of  the  horizontal  lines  Is  0.25  Inch  for  both  specimens. 
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Figure 


Grid  Board  Photos  for  Soeclmen  GY01 
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Figure  61.  Grid  Board  Photos  for  Specimen  GY02. 
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Figure  62.  Grid  Board  Photos  for  Specimen  GY03 
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Figure  65.  Tunnel  Photos  for  Specimens  GY03,  GY04  and  GY05  at  Mach  2.4 
MO-Mlnute  Injection). 
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Figure  67.  Tunnel  Photos  For  Specimens  GY91 ,  GY02  and  GY03  at  Mach  2.6. 
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figure  69.  Tunnel  Photos  for  Specimens  Ftgure  70.  Tunnel  Photo  Overlays  for 

GY 04  and  GY05  at  Mach  1.0  Specimens  GY04  and  GY05  at 

(3-M1nute  Injection).  Mach  3.0  (3-M1nute  Injection). 


Seven-Ply  Laminated  Specimens 

These  three  specimens,  GY24,  GY25  and  GY26,  were  fabricated  from  two 
polycarbonate  structural  plies  sandwiched  between  two  as-cast  acrylic 
plies.  The  acrylic  plies  were  extended  to  the  edge  of  the  specimen  and 
the  seven  plies  were  clamped  with  edge  bolts.  They  were  previously 
described  in  Figure  12.  Table  22  presents  a  summary  of  the  photo  evalua¬ 
tion. 

Pre-test  and  post-test  grid  board  photos  are  shown  in  Figures  71  and 
72  for  Specimens  GY24  and  GY26.  Overlays  were  not  made  because  of  the 
severity  of  damage  to  the  specimens.  Figure  73  shows  tunnel  photos  for 
GY24,  GY25  and  GY26.  Overlays  are  shown  In  Figure  74.  These  photos  were 
taken  during  the  5-mlnute  Injection  since  the  specimens  delaminated  during 
the  subsequent  10-minute  Injection. 

Line  displacement,  as  noted  In  Figures  73  and  74,  Is  not  severe,  but 
the  lines  are  deformed,  especially  near  the  edges. 


TABLE  22.  EVALUATION  OF  GRID  LINE  PHOTOGRAPHS 
FOR  SEVEN-PLY  LAMINATED  SPECIMENS 


oisnAarciT  or  grid  uws  (incuts) 
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Figure  73.  Tunnel  Photos  for  Specimens  GY24,  GY25  and  GY26  at 
Mach  2.4  (5-M1nute  Injection). 


GY26  INJECTION  40 


Figure  74.  Overlays  of  Tunnel  Photos  for  Specimens  GY24,  GY25  and 
GY26  at  Nach  2.4  (5-Mnute  Injection). 
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These  three  specimens,  GY21,  GY22  and  GY23,  were  fabricated  from 
three  polycarbonate  structural  plies  sandwiched  between  two  as-cast 
acrylic  plies.  The  face  ply  was  rabbeted  around  the  perimeter  as  shown 
previously  In  Figure  12.  A  sumnary  of  photo  evaluation  Is  given  in 
Table  23. 

Pre-test  and  post-test  grid  board  photos  are  shown  in  Figures  75  and 
76  for  Specimen  GY21,  GY22  and  GY23.  These  specimens  exhibit  hazy 
spots  and  indistinct  lines  on  the  pre-test  photos.  Specimen  GY23  shows 
a  definite  loss  of  line  clarity  In  Its  post-test  photo. 

Figure  77  shows  a  tunnel  photo  for  Specimen  GY21  at  Mach  2.4,  GY22 
at  Mach  2.6  and  GY23  at  Mach  3.0.  The  photo  of  GY21  shows  severe  distortion 
due  to  cracks  In  the  face  ply.  The  distortion  In  the  photo  of  GY22  Is 
due  to  face  ply  delamination.  The  photo  of  GY23  shows  poor  line  Intensity 
and  line  distortion.  The  overlays  for  Specimen  GY21,  GY22  and  GY23  were 
not  clear. 

TABLE  23.  EVALUATION  OF  GRID  LINE  PHOTOGRAPHS 
FOR  NINE-PLY  LAMINATED  SPECIMENS 


■H 

DESCRIPTION 

OF  PHOTO 

DESCRIPTION 
OF  PHOTO 


DISPLACEMENT  OF  GRIP  HUES  (INCHES) 
HORIZONTAL  HUES  VERTICAL  LINES 
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Flqure  77.  Tunnel  Photos  for  Specimens  GY21 ,  GY22  and  GY23 
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Laminated  Specimens  with  Glass  Fa 


This  group  consists  of  five  specimens,  each  fabricated  with  a  glass 
face  ply:  PPG21,  PPG21A,  PPG22,  PPG22A  and  SK23.  Specimens  PPG21  and 
PP621A,  with  two  polycarbonate  structural  plies,  and  Specimens  PPG22 
and  PPG22A,  with  a  polycarbonate  structural  ply,  were  described  In 
Figure  10.  Specimen  SK23  had  a  polycarbonate  structural  ply  and  was 
described  In  Figure  6.  Table  24  presents  a  summary  of  photo  evaluation. 

Figure  78,  79,  80  and  81  show  pre-test  grid  board  photos  and  overlay 
photos  for  Specimens  PPG21,  PPG21A,  PPG22  and  PPG22A.  The  spots  In  the 
overlay  photos  resulted  from  Interlayer  bubbling.  An  overlay  photo  of 
PPG22  Is  not  shown  since  It  did  not  experience  line  displacement  or 
distortion.  The  spot  visible  In  Figure  78  was  caused  by  a  defect  In  the 
Interlayer. 

Figure  82  shows  a  pre-test  and  post-test  photo  for  Specimen  SK23. 

Haze  Is  visible  In  the  post-test  photo.  No  overlay  of  SK23  Is  shown  since 
It  did  not  experience  line  displacement  or  distortion. 

Figure  83  shows  Specimen  PPG21  at  the  completion  of  a  10-minute  Injec¬ 
tion  at  Mach  2.4.  Interlayer  bubbling  Is  visible  at  the  perimeter.  Loss 
of  light  transmission  caused  by  Interlayer  bubbles  prevented  tunnel 
photos  for  Specimen  PPG21A.  Specimen  PPG22A  Is  shown  In  Figure  84  after 
2.5  minutes  at  Mach  2.6.  The  spots  were  caused  by  bubbles  In  the  Inter¬ 
layer.  The  curved  line  Is  the  wire  to  the  thermocouple.  Specimen  PPG22 
Is  shown  In  Figure  85  for  a  5-minute  Injection  at  Mach  2.4.  The  vertical 
line  was  caused  by  adhesive  from  the  edge  member  and  was  removed  with 
cleaning.  PPG22  experienced  slight  line  displacement. 

Specimen  SK23  Is  shown  In  Figure  86  at  Mach  2.6  and  Figure  87  at 
Mach  3.0.  The  spots  In  Figure  86  were  caused  by  adhesive  from  the  edge 
’lember.  Stt23  displays  less  line  distortion  at  Mach  2.6  than  at  Mach  3.0. 
The  haze  visible  In  Figure  87  Is  also  present  In  Figure  82. 
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Flnure  80.  Grid  Board  Photos  for  Specimen  PPG22.  Fiaure  81.  Grid  Board  Photos  for  Specimen  PPG22A 
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Monolithic  Polycarbonate 

The  two  specimens  In  this  group,  TEX21  and  TEX21A,  were  fabricated 
from  1.00  Inch  coated  polycarbonate.  Table  25  Is  a  suninary  of  photo 
evaluation. 

Figure  88  shows  a  pre-test  and  post-test  photo  for  TEX21A.  The  pre¬ 
test  appearance  of  TEX21  was  similar  to  TEX21A.  The  hazy  spots  In  the 
post-test  photo  of  TEX21A  are  due  to  cracks  In  the  exterior  coating  on 
the  specimen.  A  post-test  photo  of  Specimen  TEX21  Is  not  shown  because 
the  specimen  sustained  severe  bubbling  during  Its  Mach  3.0  tunnel 
Injection. 

Figure  39  presents  a  tunnel  Injection  and  overlay  for  Specimen  TEX21 
at  the  Mach  2.4  Injection.  Haze  Is  obvious  In  the  right  lower  quadrant. 
Displacement  of  the  horizontal  lines  Is  about  0.25  Inch  maximum. 

Figure  90  is  a  tunnel  photo  of  Specimen  TEX21A  at  Mach  2.6  The 
lines  are  cracks  In  the  exterior  protective  coating. 


TABLE  25.  EVALUATION  OF  GRID  LINE  PHOTOGRAPHS 
FOR  MONOLITHIC  SPECIMENS  (1) 


photo 

nn 

DCSC*t*TIOfl  Of  PHOTO 

OIS*LACT*NT  Of  6*10  LINES  (INCHES)  j 

MOktZONTAl  LINK 

VERTICAL  LINES 

Ttttl 

SU<|ht  baza  (2) 

Cone late  loss  of  vision 
due  to  bubbles 

ho  overlay 

-Wl - 

Sowed  down  O.ZS  Mi. 

Sowed  In  slightly  at  sides 

SO - 

Co*©Utt  lost  of  vision 
(ft 90  to  bv bolts 

ho  overlay 

TEX21A 

42  lqf*t  bozo 

Discontinuity  In  linos 
duo  to  crocks  In 

coatlno 

No  ovorlaf 

T5T - 

Discontinuity  In  llnoo 
duo  to  coatlny 
cracks 

ho  overlay 

0)  SmcImw  1»  aonollthlc  polycarbonate.  1.00  Inch  thick. 
(2)  Photo  not  shown. 
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LIGHT  TRANSMISSION  AND  HAZE 

Table  26  Is  a  compilation  of  light  transmission  and  haze  data  for  the 
test  specimens.  These  values  were  measured  by  the  participating  vendors 
at  the  spots  shown  previously  In  Figure  20.  Fifteen  of  the  specimens 
were  returned  to  the  vendors  for  post-test  readings.  The  values  are  the 
average  of  five  readings.  The  angle  of  Incidence  for  these  measurements 
was  zero  degrees. 

Five  of  the  specimens  (GY01,  GY02,  GY03,  GY04  and  GY05)  had  been 
tested  previously  per  Reference  1. 

Specimens  PPG21  and  PPG21A  transmitted  a  significantly  smaller 
amount  of  light  than  the  other  specimens.  The  pre-test  readings  were 
49.8  percent  and  54.5  percent.  Specimens  PPG22  and  PPG22A  had  pre-test 
readings  of  77.5  percent  and  78.1  percent.  No  post-test  readings  were  made 
for  these  specimens. 

Specimen  SWU22  was  the  only  panel  to  show  a  significant  decrease  In 
light  transmission,  from  a  pre-test  value  of  85.1  percent  to  73.3  percent. 
This  loss  Is  attributed  to  the  use  of  thermal  paint. 

No  specimen  had  a  pre-test  haze  reading  greater  than  10  percent. 

Five  specimens  exceeded  10  percent  after  testing.  The  maximum  change 
In  haze  was  plus  6.9  percent  for  Specimen  SWU22. 

The  average  haze  reading  for  the  acrylic  face  plies  was  10.75  percent 
for  the  two  specimens  (GY25  and  GY26)  tested  at  Mach  2.4,  6.5  percent 
for  the  two  specimens  (SK06  and  GY01)  tested  at  Mach  2.6  and  10.6  percent 
for  seven  specimens  tested  at  Mach  3.0.  For  the  urethane  face  plies  the 
average  haze  reading  was  5.85  percent  for  the  two  specimens  (GY04  and 
GY 05)  tested  at  Mach  3.0. 
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LIGHT  TRANSMISSION 
(PERCENT)  (1) 

HAZE 

(PERCENT)  (1) 

PRE-TEST 

POST-TEST 

CHANGE 

IMP!! 

LTEST 

SK05 

85.2 

-2.4 

mwm 

ESI 

SK06 

36.8 

-1.1 

wM 

QM| 

SK21 

87.0 

84.3 

-2.7 

(3) 

13.8 

• 

SK22 

36.5 

85.5 

-1.0 

(3) 

11.1 

• 

SK23 

85.1 

85.5 

♦0.4 

(3) 

9.1 

- 

S1AJ21 

85.7 

84.9 

-0.6 

4.4 

8.1 

♦  3.7 

SWU22 

35.1 

73.3 

-11.8 

4.8 

11.7 

+  6.9 

PPG21 

49.8 

(3) 

5.5 

(3) 

PPG21A 

54.5 

(3) 

• 

2.6 

(3) 

• 

PPG22 

77.5 

(3) 

• 

1.6 

(3) 

• 

PPG22A 

73.1 

(3) 

- 

1.8 

(3) 

- 

GY01  (2 

82.2 

80.1 

-2.1 

6.2 

5.6 

-0.6 

GY02  (2 

80.9 

73.5 

-2.4 

6.3 

5.1 

-1.2 

GYQ3  (21 

80.9 

77.3 

-3.6 

6.4 

5.4 

-1.0 

GY 04  (2> 

80.6 

80.4 

-0.2 

5.9 

6.3 

♦  0.4 

GY 05  (2] 

80.9 

80.4 

-0.5 

4.0 

5.4 

♦  1.4 

GY21 

33.9 

(3) 

• 

6.4 

(3) 

• 

GY22 

85.6 

(3) 

- 

6.8 

(3) 

- 

GY23 

85.5 

83.5 

-2.0 

9.8 

11.2 

♦  1.4 

GY24 

87.7 

(3) 

. 

4.0 

(3) 

• 

GY25 

87.9 

85.0 

-2.0 

6.0 

12.5 

♦  6.5 

GY26 

88.0 

86.7 

-1.3 

4.7 

9.0 

♦  4.3 

TEX21 

32.22 

(3) 

2.1 

(3) 

. 

TEX21A 

32.22 

(3) 

• 

2.1 

(3) 

• 

NOTES : 


(1)  These  values  are  the  average  of  5  readings  made  by  each  vendor. 

(2)  These  specimens  were  tested  previously  per  Reference  1. 

These  readings  were  made  after  the  orevlous  test. 

(3)  No  measurements  were  made. 
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SUWARY 

This  sianmary  of  the  specimen  optical  distortion  Is  based  on  grid 
line  photographs  taken  before  the  tests,  during  the  tunnel  exposure,  and 
after  the  tests.  A  separate  summary  Is  presented  for  each  of  the  test 
simulations  of  Mach  2.4,  Mach  2.6  and  Mach  3.0,  and  for  the  light  trans¬ 
mission  and  haze  data. 

Distortion  at  Mach  2.4 

Thirteen  specimens  were  exposed  to  the  Mach  2.4  environment.  They 
are  described  as  follows: 

(1)  SK05,  SK21  and  SWU21  (3-ply,  acrylic  face  ply). 

(2)  GY03,  GY04  and  GY05  (5-ply,  urethane  face  ply). 

(3)  GY24,  GY25  and  GY26  (7-ply,  acrylic  face  ply). 

(4)  GY21  (9-ply,  acrylic  face  ply). 

(5)  PPG21  (5-ply,  glass  face  ply). 

(6)  PPG22  (3-ply,  glass  face  ply). 

(7)  TEX21  (monol Ithlc  polycarbonate). 

Specimen  PPG22  displayed  the  least  distortion  and  line  displacement 
of  the  13  tested  specimens  (Figure  85).  It  was  tested  for  only  five 
minutes,  however,  since  bubbles  began  to  form  In  the  Interlayer.  Specimen 
PPG21  was  injected  for  five  and  ten  minute  exposures  and  was  damaged  by 
severe  Interlayer  bubbling  (Figure  83).  Permanent  distortion  occurred  as 
Indicated  by  movement  of  the  lines  In  the  overlay  photo  (Figure  78).  A 
heat  resistant  Interlayer  would  be  required  to  make  these  configurations 
acceptable  for  use  at  Mach  2.4.  The  pre-test  light  transmission  reading 
for  Specimen  PPG21,  50  percent,  makes  It  unacceptable  for  use  as  an  aircraft 
windshield.  PPG 22  was  better  with  a  reading  of  78  percent.  These  readings 
were  the  lowest  of  all  specimens. 

Specimen  SK05  and  SWU21  displayed  good  line  clarity  at  Mach  2.4  and 
moderate  horizontal  line  displacement.  Specimen  SK21  was  distorted  and 
some  lines  were  obscured. 
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Specimens  GY03,  GYQ4  and  GY05  withstood  the  Mach  2.4  environment  very 
well.  The  lines  were  clear  and  dark  (Figure  65).  GY04  displayed  some 
distortion  along  the  sides.  Generally,  the  horizontal  line  displacement 
(Figure  66)  did  not  exceed  0.12  Inch. 

Specimen  TEX21  survived  a  10-minute  Injection  In  good  shape.  The 
linos  were  clear  and  dark  except  for  a  spot  of  haze  (Figure  89).  The 
displacement  of  the  horizontal  lines  approaches  0.25  inch. 

Specimen  GY21  experienced  severe  delamination  (Figures  86  and  77) 
which  was  precipitated  by  cracks  In  the  face  ply  that  occurred  during 
fabrication. 

Specimens  GY24,  GY25  and  GY26  experienced  small  line  displacement 
after  their  Initial  5-minute  injections,  but  the  lines  became  Irregular 
and  distorted  (Figures  73  and  74).  The  distortion  along  the  lower  edge 
of  each  specimen  was  due  to  the  projection  of  the  edge  bolts  Into  the 
field  of  vision  at  the  60  degree  angle  of  Incidence.  The  distortion 
would  be  less  severe  If  these  fasteners  were  removed.  These  three 
specimens  failed  by  delamination  of  the  exterior  ply  during  this  sub¬ 
sequent  10-minute  injection.  These  specimens  sustained  comparatively 
large  Increases  In  haze. 

Based  on  the  optical  photography  results.  Specimen  SK05,  SWU21,  GY03, 

GY 04,  GY05  and  TEX21  are  viable  candidates  for  Mach  2.4  windshields. 
Specimen  SK21  had  the  same  cross  section  as  SWU21  and  therefore  should  be 
considered,  despite  Its  poor  performance.  Specimens  GY24,  GY25  and 
GY26  could  be  windshield  candidates  If  they  had  a  different  edge  design. 
Specimen  GY21  could  not  be  evaluated  because  of  cracks  In  the  exterior 
ply.  Specimen  PPG21  and  PPG22  cannot  be  considered  as  potential  windshield 
candidates  with  the  present  Interlayer  and  poor  light  transmission. 


Distortion  at  Mach2Jj 


The  12  specimens  tested  at  Mach  2.6  are  described  as  follows: 

(1)  SK06,  SK21,  SWU21  and  SWU22  (3-ply,  acrylic  face  ply) 

(2)  6Y01,  GY02  and  GY03  (5-ply,  acrylic  or  urethane  face  ply) 

(3)  GY22  (9-ply  acrylic  face  ply) 

(4)  SK23  (3-ply,  glass  face  ply) 

(5)  PPG22A  (3-ply,  glass/glass  ply) 

(6)  TEX21A  (monolithic  polycarbonate). 

The  acryl Ic/sll Icone/polycarbonate  configuration  Is  a  viable  candidate 
for  aircraft  windshields  that  will  operate  at  the  Mach  2.6  level,  as 
evidenced  by  the  clarity  of  the  tunnel  photos  for  Specimen  SK06  and  SWU21 
(Figures  56  and  57).  Some  distortion  did  occur  along  each  side.  Line 
displacement  was  about  0.25  Inch  maximum  for  the  horizontal  lines.  Speci¬ 
men  S <2 1  and  SK22  did  not  fare  well.  The  photos  showed  Irregular  lines, 
distortion  and  loss  of  clarity.  Specimen  SWU22  could  not  be  evaluated 
because  the  application  of  thermal  paint  prevented  light  transmission. 

Specimens  GY01  and  GY02  and  GY03  are  potential  windshield  candidates 
for  a  Mach  2.6  environment.  The  tunnel  photos  (Figures  67  and  68)  are  for 
5-minute  Injections  since  Specimen  GY01  and  GY02  delaminated  at  the 
termination  of  their  10-minute  Injections.  GY03  survived.  It  sustained 
some  distortion  and  the  displacement  of  the  horizontal  lines  was 
0.25  Inch  maximun. 

The  poor  optics  for  Specimen  GY22  was  caused  by  face  ply  delamination 
(Figure  77).  The  delamination  was  precipitated  by  a  rupture  in  the 
rabbeted  section  of  the  face  ply.  This  configuration  would  require  a 
redesigned  edge  to  be  considered  as  a  potential  Mach  2.6  windshields. 

Specimen  SK23  sustained  severe  rotation  of  the  vertical  lines  at  the 
upper  corners  (Figure  86).  The  spots  In  the  photo  were  caused  by 
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adhesive  flowing  from  the  forward  edge  retainer.  The  lines  In  the  center 
of  the  panel  were  clear  and  straight  and  this  configuration  Is  a  potential 
candidate  for  Mach  2.6  aircraft. 

Specimen  PPG22A  was  affected  by  Interlayer  bubbling  and  would  require 
a  higher  temperature  interlayer  to  be  considered  for  Mach  2.6  aircraft. 

Specimen  TEX21A  was  tested  for  5  minutes  at  Mach  2.6.  It  sustained 
loss  of  vision  due  to  the  effect  of  the  high  temperature  on  the  external 
protective  coating.  This  effect  occurred  at  the  end  of  the  injection. 

Distortion  at  Mach  3.0 

Eleven  specimens  were  tested  at  Mach  3.0.  These  specimens  are  described 
as  follows: 

(1)  SK05,  SK21 ,  SK22 ,  SWU21  and  SWU22  (3-ply,  acrylic  face  ply) 

(2)  GY 04  and  GY05  (5-ply,  urerwxne  face  ply) 

(3)  GY23  (9-ply,  acrylic  face  ply) 

(4)  SK23  (3-ply,  glass  face  ply) 

(5)  PPG21A  (5-ply,  glass  face  ply) 

(6)  TEX21  (Monolithic  polycarbonate). 

The  optical  clarity  of  Specimen  SK05  and  SWU21  make  the  acrylic/ 
silicone/polycarbonate  configuration  a  potential  candidate  for  Mach  3.0 
aircraft  (Figures  58  and  59).  Further  studies  are  needed  to  define  the 
cause  of  optical  degradation  experienced  by  similar  specimens,  SK21  and 
SK22.  Specimen  SWU22  could  not  be  evaluated  due  to  the  application  of 
thermal  paint. 

Specimen  GY05  displayed  acceptable  optics  at  the  Mach  3.0  condition 
(Figures  69  and  70).  Specimen  GY04  was  distorted  at  the  edges  but  clear 
In  the  center.  The  maximum  displacement  of  the  horizontal  lines  was 
0.25  Inch  for  both  specimens. 
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Spec  1rr»en  GY23  became  very  cloudy  and  vision  through  this  configuration 
was  severely  degraded.  The  face  ply  material  became  rough. 

Specimen  SK23  became  hazy  along  both  sides  of  the  panel  (Figure  87). 
Line  distortion  was  severe  at  the  edges  but  minimal  in  the  center  of  the 
panel.  The  cloudiness  eliminates  this  specimen  from  consideration  as  a 
potential  Mach  3.0  windshield. 

Vision  through  Specimen  PPG21A  was  completely  obscured  by  Interlayer 
bubbling.  It  is  not  a  potential  Mach  3.0  windshield  candidate. 

Specimen  TEX21  was  completely  ruined  by  bubbling  on  the  exterior 
surface. 

Light  Transmission  and  Haze 

The  configuration  represented  by  Specimen  PPG21  and  PPG21A  Is  not 
considered  to  be  a  windshield  candidate  due  to  its  relatively  poor 
light  transmission.  The  remaining  configurations  are  acceptable  for 
consideration. 

Based  on  the  limited  haze  data  (12  of  the  24  panels  were  measured), 
the  urethane  material  is  more  resistant  to  haze  than  acrylic  when  used 
as  a  face  ply. 
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SECTION  VII 
THERMAL  EVALUATION 

Windshield/canopy  materials  for  supersonic  aircraft  must  have  the 
capability  to  survive  the  high  temperatures  experienced  during  the  opera¬ 
tion  of  the  aircraft.  A  goal  of  this  test  program  was  to  define  the 
thermal  environment  for  aircraft  operating  up  to  Mach  3.0.  This  goal 
was  achieved  by  exposing  27  windshield  test  specimens  to  a  Mach  2.4 
through  Mach  3.0  wind  tunnel  environment  and  recording  the  appropriate 
temperatures.  An  evaluation  of  the  resultant  thermal  data  Is  presented 
In  this  section. 

This  Investigation  addresses  the  following  areas:  specimen  Instrumen¬ 
tation,  specimen  temperature/time  histories,  exterior  and  Interior  trans¬ 
parency  surface  temperatures,  the  thermal  Insulating  capability  of  the 
face  ply/interlayer  combinations,  the  effect  of  edge  structure  on  temper¬ 
ature  distribution,  the  potential  heat  conduction  through  a  fastener,  the 
heat  conduction  of  a  plastic  Insert  compared  to  an  aluminum  Insert,  and 
the  use  of  a  thermal  paint  method  to  locate  "hot  spots". 

INSTRUMENTATION 

Twenty-five  of  the  27  potential  test  specimens  were  Instrumented  with 
thermocouples  (the  TEX  specimens  were  not).  Seven  specimens  (the  SKO  and 
GYO  series)  were  Instrumented  with  three  thermocouples  apiece,  one  external, 
one  Internal  and  one  imbedded  against  the  outer  polycarbonate  surface 
(Figures  3  and  4).  Six  specimens  (the  SK2  series)  were  Instrumented  with 
five  thermocouples,  one  on  the  exterior  surface  and  four  Imbedded 
(Figures  5  and  6).  Twelve  specimens  (the  SWU2,  PPG2  and  GY2  series)  were 
Instrumented  with  five  thermocouples,  two  external,  one  Internal  and  two 
imbedded  (Figures  7  through  12). 

Many  of  the  thermocouples  failed  to  adhere  to  the  specimen  surface 
and  others  did  not  function  properly.  The  data  that  was  collected  Is 
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presented  In  Tables  27,  28  and  29.  Some  values  were  extrapolated  from 
temperature/time  data.  The  specimen  Identifier,  injection  number,  and 
length  of  exposure  are  listed.  The  temperatures  are  given  in  degrees 
Fahrenheit  and  are  the  first  and  last  recorded  temperature. 

TEMPERATURE/ TIME  HISTORY 

Temperature  versus  time  was  plotted  for  the  5  and  10  minute  injections 
at  Mach  2.4,  2.6  and  3.0  and  the  results  are  presented  in  Figures  91 
through  99.  These  temperatures  were  recorded  on  the  exterior  surface, 
the  interior  surface,  and  the  outer  surface  of  the  structural  ply.  The 
thermocouples  were  located  3.7  to  4.0  Inches  forward  of  the  aft  edge  of 
each  specimen.  The  exterior  surfaces  approached  90  percent  of  their 
peak  temperature  within  the  first  minute  of  exposure  and  Increased  slowly 
thereafter.  Generally,  the  exterior  surfaces  reached  steady  state  In 
about  7  to  8  minutes.  The  interior  and  Interface  temperatures  were 
steadily  increasing  at  the  termination  of  the  10-minute  injections.  Two 
15-minute  exposures  (Injection  18  at  Mach  2.4  and  Injection  54  at  Mach  2.6) 
showed  that  the  Interior  and  Interface  temperatures  were  increasing  slowly 
at  the  end  of  the  15-minute  exposures.  The  temperatures  at  the  termina¬ 
tion  of  Injection  18  was  148°F  (Table  27),  15  degrees  higher  than  at 
10  minutes.  The  rate  of  change,  15  degrees  in  5  minutes,  indicated  that 
the  temperature  was  approaching  steady  state.  The  rate  of  change  for 
the  Interface  temperature  was  9  degrees  in  5  minutes,  also  indicating 
the  approach  of  a  steady  state  region. 

Figures  91,  92,  93  and  94  represent  the  temperature/time  histories 
for  the  5  and  10-minute  injections  at  Mach  2.4.  The  15-minute  injection 
of  SK05  is  shown  because  the  external  thermocouple  did  not  function  for 
the  5  and  10-minute  injections.  The  exterior  temperature  rose  quickly 
and  surpassed  300°F  within  one  minute.  Generally,  the  exterior  surface 
temperatures  and  the  Interior  surface  temperatures  were  similar  for  all 
specimens.  The  exception  was  the  Interior  temoerature  for  SK05.  The 
interface  temperatures  varied  with  the  thickness  of  face  ply  and  inter¬ 
layer  and  with  the  material  properties.  The  interior  and  Interface 


temperatures  for  the  10-minute  injections  were  consistently  higher  than 
for  the  5-minute  injections  because  the  initial  temperature  at  time  of 
injection  was  hotter.  The  specimens  were  cooled  to  160°F  between  injec¬ 
tions. 

Temperature/time  curves  are  presented  In  Figures  95,  96  and  97  for 
the  5  and  10-minute  injections  at  Mach  2.6.  The  exterior  surfaces 
heated  rapidly  and  peaked  at  about  385°F.  The  Interior  surface  and 
interface  surface  temperatures  were  Increasing  at  the  end  of  the  Injec¬ 
tions.  There  was  a  variation  in  the  Interface  temperature  curves  and 
the  interior  temperature  curves  for  certain  specimens. 

Temperature/time  curves  are  presented  in  Figures  98  and  99  for 
3-minute  injections  at  Mach  3.0.  The  exterior  surfaces  heated  rapidly 
and  approached  or  passed  500°F.  The  temperatures  were  rising  at  retrac¬ 
tion  of  the  specimen.  The  temperature  of  the  interior  surface  reacted 
slowly. 
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Time  (Seconds) 

-  Exterior  Surface  ,  0*04,  GY05  and  GY23 

-  —  Interlayer/Polycarbonate  Interface,  Noted 

- -  Interior  Surface  ,  0Y?4,  GY05  and  0*23 

99.  Termer a tu re/ Time  History  at  3.0  for  Specimens  GY04 
GY05  and  GY23. 


EXTERIOR  SURFACE  TEMPERATURES 


Maximum  exterior  surface  temperatures  are  presented  in  Table  30  for 
all  conditions.  The  temperatures  were  taken  from  thermocouples  on  the 
panel  center  line  at  two  locations.  The  forward  thermocouples  were 
approximately  2.5  inches  aft  of  the  forward  edge,  and  the  aft  thermocouples 
TABLE  30.  MAXIMUM  EXTERIOR  SURFACE  TEMPERATURES 


SPECIMEN 

3 -MINUTE  EXPOSURE 

5-MINUTE 

EXPOSURE 

10-MINUTE  EXPOSURE 

FORWARD 
TEMP  (*F) 

FORWARD 
TEMP  (*F) 

■  f.laBi 

FORWARD 
TEMP  (*F) 

GY03 
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324 
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320 
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319 
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321 

336 
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324 
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319 

316 
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334 

325(2) 
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BB 
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SK22 
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386 
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GY22 
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NOTES:  (1)  Temoerature  extrapolated  from  temoerature/tlme  curves. 

(2)  Specimen  SK05  registered  329*F  at  15  minute  exposure. 

(3)  Specimen  SK22  registered  383*F  at  15  minute  exposure. 


were  approximately  4  inches  forward  of  the  aft  edge.  For  the  Mach  2.6 
ana  3.0  conditions,  the  average  aft  temperatures  were  slightly  higher 
than  the  forward  temperatures.  In  all  cases  the  test  temperatures  were 
less  than  the  pre-test  calculated  temperatures  which  were  computed  by 
a  proprietary  heat  transfer  program  using  a  nodal,  transient,  one¬ 
dimensional  model.  The  calculated  temperatures  were: 

349°F  at  Mach  2.4, 

419°F  at  Mach  2.6,  and 

554°F  at  Mach  3.0. 

These  calculated  temperatures  are  7,  8  and  II  percent  higher  than  the 
test  temperatures  recorded  at  Mach  2.4,  2.6  and  3.0  and  the  differences 
are  attributed  to  discrepancies  in  the  material  properties  used  in  the 
analysis.  These  results  are  consistent  with  the  data  presented  In 
Reference  1  which  reported  higher  calculated  temperatures  than  test 
temperatures.  The  average  test  temperatures  are  plotted  in  Figure  100, 
together  with  the  temperatures  from  Reference  1  for  Mach  1.6,  2.0  and 
2.2.  The  curve  indicates  an  Increase  In  the  temperature/velocity  ratio 
as  the  Mach  number  rises  and  Is  consistent  with  the  theory. 


Mach  Number 

Figure  100.  Average  Maximum  Surface  Temperature  Versus  Mach  Number. 
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Table  31  presents  the  exterior  surface  heat-up  rate  (in  °F/second) 
for  the  Initial  Injection  of  selected  specimens.  These  values  were 
calculated  by  dividing  the  change  in  temperature  by  the  time  increment 
for  the  first  5  seconds  of  exposure,  for  5  to  50  seconds,  and  for  50  to 
300  seconds.  Face  ply  material  is  noted.  As  shown  here  and  previously 
in  Figures  91  through  99,  the  maximum  surface  heating  occurred  during 
the  first  few  seconds  of  exposure  and  the  rate  of  change  rapidly  dwindled 
after  about  50  seconds.  There  does  not  appear  to  be  a  significant  difference 
in  heat-up  rate  for  the  two  plastic  materials,  but  the  glass  specimen 
(PPG22A)  did  heat  up  more  slowly  at  Mach  2.6  than  did  the  specimens  with 
plastic  face  plies.  This  is  consistent  with  the  capability  of  the  materials 
since  the  thermal  conductivity  of  glass  is  approximately  six  times  that  of 
the  plastic  materials. 

INTERIOR  SURFACE  TEMPERATURES 

Maximum  interior  surface  temperatures  (cabin  side)  are  listed  in 
Table  32.  The  specimens  are  listed  according  to  total  thickness  and 
indicate  that  the  interior  temperature  did  vary  inversely  with  material 
thickness  for  the  10-minute  exposures  at  Mach  2.4  and  Mach  2.6.  The 
5-minute  exposure  at  Mach  2.4  and  the  3-minute  exposure  at  Mach  3.0  do 
not  show  much  of  a  variation. 

A  maximum  interior  surface  temperature  of  160°F  is  specified  by 
MIL-E-38453A  (Reference  10)  for  crew  comfort.  This  temperature  was 
exceeded  by  only  one  specimen,  GY02,  which  registered  161°F  for  a  10-minute 
injection  at  Mach  2.6. 

The  interior  surface  temperature  of  an  aircraft  windshield  is  affected 
by  the  temperature  and  source  of  the  cabin  cooling  air.  It  was  not 
possible  to  maintain  a  constant  cabin  air  temperature  during  the  test 
runs  because  the  heat  input  was  a  variable,  and  the  system  had  a 
constant  flow  rate  of  ambient  temperature  air  supplied  to  the  cabin 


simulator  and  then  discharged  into  the  tunnel  free  stream.  The  result 
was  that  the  measured  cabin  air  temperature  typically  varied  from 
about  75  to  108°F  during  a  10-minute  test  cycle.  In  an  aircraft  it 
would  be  possible  to  control  the  temperature  of  the  cabin  air  supply, 
although  the  source  of  cooling  air  would  not  be  located  as  close  to 
the  transparency  as  for  this  test  model. 


The  temperature  at  the  beginning  of  each  10-minute  Injection  was 
higher  than  at  the  beginning  of  the  5-minute  injection  since  the  speci¬ 
mens  had  cooled  to  approximately  160°F  between  injections  as  measured  by 
the  imbedded  thermocouples.  In  all  cases  the  interior  surface  temperature 
was  climbing  at  the  completion  of  each  injection.  Specimen  SK05  was 
Injected  for  15  minutes  and  registered  148°F  at  retraction.  This  is 
15°F  higher  than  at  the  termination  of  the  10-minute  run.  The  rate  of 
change,  15  degrees  in  5  minutes.  Indicates  that  the  temperature  was 
approaching  steady  state. 


TABLE  32.  MAXIMUM  INTERIOR  SURFACE  TEMPERATURES  <°F) 


SPEC I HEN 

TOTAL 

THICKNESS 

(INCHES) 

MACH  2.4 

MACH  2.6 

MACH  3.0 

INJECTION  TIME 

INJECTION  TIME 

INJECTION  TI?*E 

5  MIN 

10  MIN 

5  MIN 

10  MIN 

3  MIN 

GY  01 

0.68 

100 

m 
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■m 

SKI 
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96 
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99 
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90 
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97 
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■'W  I 
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K| 
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86 

■ 
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90 
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mm 

39 

SWU22 
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92 

PPG22 

0.94 

95 

1 

mm 

PP022A 
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■ 

xnwm 
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93 

■HJH 

flPs.  1.1  ■ 

94 

133 

1.10 

35 

PPG21 

1.25 

38 

114 
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THERMAL  RESISTANCE  OF  FACE  PLY/INTERLAYER  MATERIAL 

Most  of  the  test  specimens  were  fabricated  with  a  structural  ply  of 
polycarbonate  material.  The  strength  of  polycarbonate  diminishes  as 
the  temperature  increases.  Hence,  it  was  desirable  to  measure  the 
heat  resistance  of  the  face  ply/interlayer  combinations  and  their  ability 
to  protect  the  polycarbonate  ply. 

Thermocouples  were  imbedded  In  the  specimens  (all  except  TEX2I  and 
TEX21A)  adjacent  to  the  outer  surface  of  the  polycarbonate  structural 
ply  to  provide  the  appropriate  temperature  data.  The  thermocouples  were 
located  about  4  Inches  from  the  aft  edge  on  the  center  line.  The  material 
thermal  conductivity  was  used  to  calculate  thermal  resistance,  defined  as 
the  thickness  of  the  material  divided  by  Its  thermal  conductivity 
(HR-FT2-°F/BTU). 

Table  33  lists  the  nominal  properties  that  determine  the  Insulating 
qualities  of  the  face  ply  and  Interlayer  materials.  Specific  heat  and 
density  were  not  a  factor  In  calculating  thermal  resistance,  since  the 
specimens  were  near  steady  state  conditions. 


TABLE  33.  MATERIAL  PROPERTIES 


MATERIAL 

THERMAL 
CONDUCTIVITY 
'BTU  I M . /HR  FT*  *F) 

SPECIFIC 

HEAT 

(ITU/LB  #F) 

DENSITY 

(L3/FT3) 

>Y 

Acrylic 

1.26 

0.35 

74 

a. 

41 

Urethane 

1.00 

0.29 

70.6 

U 

m 

u. 

Glass 

6.70 

0.20 

148 

%» 

Ol 

Silicone 

1.15 

0.37 

65.5 

Urethane 

1.44 

0.40 

70.25 

Of 

w 

c 

PPG112 

2.00 

0.44 

60.12 

The  ratio  of  temperature  to  thermal  resistance  (face  ply  plus  inter¬ 
layer)  is  shown  in  Figures  101,  102  and  103  for  Mach  2.4,  2.6  and  3.0. 

The  range  of  temperatures  broadens  as  the  Mach  numbers  increase. 

Specimen  PPG21  falls  well  below  the  curve  at  Mach  2.4;  the  thermal 
conductivity  value  for  the  PPG112  interlayer  material  is  suspect.  A 
lower  value  would  increase  thermal  resistance  and  bring  the  point  more 
in  line  with  the  curve. 

Variations  in  temperatures  are  apparent  for  similar  specimens.  For 
Specimens  SK21,  SK22,  SWU21  and  SWU22  (which  have  identical  cross  sections 
but  different  edge  designs)  there  is  a  difference  in  the  Internal  temper¬ 
atures  of  19°F  at  Mach  2.6  and  36°F  at  Mach  3.0.  These  discrepancies  are 
attributed  to  the  effect  of  the  different  edge  configurations  as  well  as  the 
use  of  values  for  thermal  conductivity  that  do  not  represent  the  true 
material  properties.  Inconsistencies  Inherent  in  the  testing  and  instrumen¬ 
tation  do  effect  small  differences  in  the  test  results. 

A  comparison  of  pre-test  calculated  temperatures  and  test  temperatures 
is  presented  in  Table  34.  Close  correlation  is  shown  for  Specimen  GY22  at 
Mach  2.6.  For  specimen  PPG21  the  calculated  temperature  at  Mach  2.4  is 
6  percent  higher  than  the  test  temperature.  The  remaining  calculated 
temperatures  are  low;  15  to  34  percent  at  Mach  2.4,  24  percent  at  Mach  2.6 
and  54  to  88  percent  at  Mach  3.0.  A  similar  discrepancy  between  calculated 
and  test  temperatures  was  reported  in  Reference  1. 

As  noted  earlier  the  thermal  conductivity  value  for  the  PPG112  inter¬ 
layer  is  suspect.  A  lower  value  than  shown  in  Table  33  would  decrease  the 
calculated  temperature  for  Mach  2.4  conditions,  thereby  reducing  its  disparity 
with  the  test  temperature.  The  PPG112  interlayer  was  operating  at  its 
thermal  limit  where  the  thermal  conductivity  value  may  not  be  a  linear 
function.  A  higher  thermal  conductivity  value  would  be  required  for  the 
other  specimens  to  increase  the  pre-test  calculated  temperatures  and  reduce 
the  discrepancy  between  calculated  and  test  temperature.  This  procedure 
was  followed  for  the  previous  test  program  as  reported  in  Reference  1. 


MAXIMUM  INTERNAL  TEMPERATURE  (°F) 


0.100  0.200  0.300 

THERMAL  RESISTANCE 
(Hr-Ft‘-*F/8tu) 


Figure  101.  Themal  Resistance  of  Face  Ply  Plus  Interlayer  at 
Mach  2.4. 
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The  pre-test  calculated  temperatures  were  computed  by  a  proprietary 
heat  transfer  program. 

TABLE  34.  TEMPERATURE  COMPARISON  AT  INTERFACE  OF  INTERLAYER 
AND  POLYCARBONATE  (OF) 


MACH  2.4 

10  Min  Exposure 

MACH  2.6 

10  Min  Exposure 

MACH  3.0 

3  Min  Exposure 

Calculated 

Test 

Calculated 

Test 

Calculated 

Test 

SK21 

mm 

207 

112 

19 

SK22 

o 

112 

£3 

SWU21 

175 

216 

112 

159 

SWU22 

175 

112 

194 

pg| 

210 

261 

108 

203 

E3 

198 

186 

GY  2  2 

■I 

303 

302 

GY23 

125 

202 

GY24 

256 

■■■  I 

GY25 

253 

GY26 

217 

254 

EFFECT  OF  EDGE  STRUCTURE 

Many  of  the  test  specimens  were  designed  with  edge  structure  to 
represent  a  potential  production  installation.  The  edge  fasteners, 
however,  were  not  attached  to  support  structure,  thereby  eliminating 
the  normal  heat  sink  that  would  exist  in  a  production  Installation.  The 
thermocouples  for  these  specimens  were  located  just  aft  of  the  forward 
edge  structure  to  permit  a  comparison  of  temperatures  near  edge  struc¬ 
ture  and  temperatures  not  affected  by  edge  structure. 
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The  exterior  thermocouple  temperatures  were  shown  previously  In 
Table  30.  For  the  10-minute  Injections,  only  the  thermocouples  on  Speci¬ 
men  GY25  survived,  and  they  recorded  a  higher  temperature  near  the  edge 
structure.  For  the  5-mlnute  Injections,  Specimens  GY24,  GY25  and  GY26 
registered  higher  temperatures  near  the  edge  structure.  Specimen  GY21 
registered  higher  temperatures  at  the  center  of  the  panel,  away  from  the 
edge  structure.  The  results  from  the  thermocouples  do  not  provide 
enough  data  to  make  a  significant  Judgment  concerning  edge  effects.  How¬ 
ever,  additional  edge  effects  are  discussed  later  under  the  thermal  paint 
subsection. 

HEAT  CONDUCTION  BY  EDGE  FASTENERS 

Many  of  the  test  specimens  were  designed  with  edge  structure  to  repre¬ 
sent  a  potential  production  Installation.  The  edge  fasteners,  however, 
were  not  attached  to  support  structure  and  therefore  could  not  conduct 
heat  away  from  the  outer  structure  as  In  a  production  Installation.  The 
thermocouples  for  these  specimens  were  Imbedded  under  the  face  ply  Inter¬ 
layer,  adjacent  to  the  fastener  on  the  center  line.  The  Slerracln 
specimen  had  additional  thermocouples  Imbedded  adjacent  to  the  fasteners 
on  either  side  of  the  center  line. 

A  comparison  of  temoeratures  from  the  aft  Imbedded  thermocouples 
(away  from  the  edge  fasteners)  and  the  temperatures  near  the  forward 
fasteners  Is  presented  in  Table  35.  The  results  of  the  Mach  2.4  condition 
show  slight  temperature  differences  for  SK21  and  PPG21.  For  Specimens 
GY24,  GY25  and  GY26  the  temperatures  were  cooler  near  the  fastener;  for 
Specimen  SWU21  the  temperature  was  hotter  near  the  fastener.  The  face 
ply  for  GY24.  GY25  and  GY26  extended  to  the  edge  of  the  part  and  the 
thermocouples  were  directly  under  the  face  ply.  On  SWU21  the  thermo¬ 
couple  was  Imbedded  under  the  edge  sealant. 
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FIGURE  35.  EFFECT  OF  EDGE  FASTENERS  ON  INTERNAL  TEMPERATURES 


SPECIMEN 

TEMPERATURE  (*F) 
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_ 
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186 

SK23 
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At  Mach  2.6  all  the  thermocouples  near  the  edge  fasteners  registered 
higher  temperatures  than  those  aft  except  for  SWU22,  where  the  thermo¬ 
couple  area  was  shielded  by  an  internal  fiberglass  retainer.  Specimen 
SK23  registered  27  degrees  hotter  near  the  fastener.  SK22,  fabricated 
with  a  steel  retainer,  was  30  degrees  hotter  near  the  fastener. 

The  temoeratures  at  the  Mach  3.0  condition  followed  the  same  trend 
as  at  Mach  2.6.  SWU22  shows  a  cooler  reading,  SK21,  moderate,  and  SK22 
and  SK23  a  large  differential .  GY23  shows  a  high  temperature  difference 
but  this  temperature  reading  was  affected  by  the  reduced  face  ply  thick¬ 
ness  at  the  rabbeted  edge. 
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PLASTIC  VERSUS  ALUMINUM  BUSHINGS 

Certain  specimens  fabricated  by  Slerracln  were  assembled  with  a 
plastic  bushing  and  an  aluminum  bushing  as  part  of  the  edge  structure 
to  permit  a  comparison  of  heat  conducted  to  the  area  of  the  structural 
ply.  Thermocouples  were  Imbedded  adjacent  to  the  edge  fasteners  to 
record  temperatures.  The  results  are  shown  In  Figure  104. 

The  results  for  SK21  were  consistent  at  the  three  conditions.  The 
temperatures  were  predictably  hotter  near  the  aluminum  bushings,  and  was 
8.5  percent  higher  at  Mach  2.4,  6.7  percent  higher  at  Mach  2.6,  and  11 
percent  higher  at  Mach  3.0.  The  area  near  the  left  plastic  bushing  was 
cooler  than  the  center  line  plastic  bushings. 

The  temperatures  for  $K22  at  Mach  2.6  and  Mach  3.0  were  consistent 
but  do  not  agree  with  SK21. 

THERMAL  PAINT 

A  phase-change  paint  technique  was  used  to  locate  "hot  spots"  on 
selected  specimens,  to  correlate  surface  heating  time  with  the  thermocouple 
data,  and  to  correlate  heat  patterns  with  the  Instrumented  panel  data. 

Five  panels  were  tested  with  phase-change  paint  as  Indicated  In  Table  12. 

The  phase-change  paint  technique  of  obtaining  heat  transfer  data  uses 
a  fusible  coating  which  changes  from  an  opaque  solid  to  a  transparent 
liquid  (l.e..  It  melts)  at  a  specified  temperature  (Reference  2).  The 
demarcations  between  melted  and  unmelted  paint  (melt  lines)  are  model 
surface  Isotherms.  The  progress  of  the  melt  lines  was  photographed  with 
a  70-flm  sequence  camera  at  the  rate  of  one  frame  per  second.  A  300°F 
paint  was  used  for  the  Mach  2.4  conditions,  350°F  for  Mach  2.6,  and 
400°F  for  Mach  3.0. 

The  phase-change  paint  data  gave  the  same  qualitative  heating  pattern 
as  the  heat  transfer  distributions.  However,  the  levels  were  approximately 
30  percent  lower  than  the  gage  data.  The  paint  data  are  not  shown 
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LOCATION  OF  IMSEPT 
(looklnq  aft) 
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Aluminum  Insert  Rlqht 


NOTE: 


Figure  104.  •'axlmum  Temperature  at  Interlayer/°olycarbonate  Interface 
Adjacent  to  Forward  Inserts. 
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since  the  uncertainty  In  the  technique  Is  Inherently  high.  The  paint 
photos  do  Indicate  “hot  spots"  and  uneven  heating  patterns  which 
resulted  primarily  from  the  edge  structure  and  also  from  a  shock  wave 
striking  the  specimen  surface. 

Phase-change  paint  photos  are  shown  In  Figure  105  for  Specimens  SK21A, 
SK22A  and  SWU22  for  the  Mach  2.4  condition  at  25  and  30  seconds.  The 
dark  areas  show  where  the  paint  had  melted  at  300°F.  The  air  flow  was 
left  to  right.  The  arc  (hot  spot)  visible  on  the  right  side  of  each 
photo  was  caused  by  the  interference  shock  visible  In  the  shadowgraph 
photos  shown  previously  In  Figure  30.  The  shock  Impacted  the  panels  at 
the  aft  thermocouple  location.  Another  hot  spot  Is  visible  on  Specimen 
SK22A  and  SWU22  along  the  forward  (up-wind)  edge  of  the  aft  retainer. 
Figure  30  shows  a  shock  wave  emanating  from  this  spot.  The  photos  shown 
(at  25  and  30  seconds)  Indicate  the  difference  In  heat  patterns  for  a 
five  second  Interval.  At  40  seconds  all  the  paint  had  been  dissipated 
except  for  slight  traces  near  the  forward  (up-wind)  end  of  the  panels. 
These  results  Indicate  a  faster  heat-up  time  than  shown  In  Table  36  for 
the  thermocouple  data  where  the  specimens  with  an  acrylic  face  ply  did 
not  reach  300  degrees  for  23  to  58.8  seconds  for  the  Initial  Injection. 

Figure  106  shows  specimens  SK21A  and  SK22A  for  the  Mach  2.6  condition 
at  35  and  40  seconds.  These  specimens  had  been  coated  with  a  paint  that 
would  melt  at  350°F.  Shock  wave  patterns  are  visible,  as  well  as  a  hot 
spot  along  the  retainer  on  Specimen  SK22A.  The  paint  was  completely 
gone  after  45  seconds  of  exposure.  The  dark  area  In  the  center  of  the 
specimens  Indicates  a  high  temperature  area.  Table  36  shows  a  faster 
heat-up  time  for  the  acrylic  material  than  for  the  urethane  material. 
Indicating  that  urethane  dissipates  heat  quicker  than  acrylic. 

A  teflon  panel  was  coated  with  4O0°F  paint  and  Injected  at  Mach  3.0. 
This  specimen  Is  shown  In  Figure  107  at  15  seconds.  The  paint  dissipated 
rapidly  and  was  completely  gone  In  20  seconds.  The  heat-up  time  was 
consistent  with  the  data  shown  In  Table  36. 
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SK21A,  25  Seconds 


SK21A,  30  Seconds 


SK22A.  25  Seconds 


SK22A,  30  Seconds 


SWU22 ,  25  Seconds  SUU22,  30  Seconds 

Figure  105.  Thermal  Paint  Injections  at  Mach  2.4. 
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TABLE  36.  SURFACE  HEAT  UP  TIME 


TIME  IN  SECONDS 

SPECIMEN 

FACE  PLY 

MACH  2.4(1) 
300*  F 

MACH  2.6(1) 
350*F 

MACH  3.0(2) 
400*  F 

SK05 

Acrylic 

8.8 

SKQ6 

33.8 

GY21 

38.8 

GY22 

21.3 

GY24 

23.0 

GY25 

43.8 

GY26 

i 

58.8 

Urethane 


PPG22A 


Glass 


(1)  For  5-*1nute  Injection  (first  exposure) 

(2)  For  3-mlnute  Injection  (first  exposure) 

(3)  Temperatures  are  from  aft  thermocouples 


SK21A,  35  Seconds 


SK21A,  40  Seconds 


SUMMARY 


Thermal  data  was  collected  to  provide  a  windshield  designer  with 
guidelines  for  the  selection  of  material  and  thicknesses  for  use  in  air¬ 
craft  that  will  operate  In  the  Mach  2,4  to  Mach  3.0  regime.  The  data 
from  this  series  of  tests  provides  temperature/tlme  histories  for  specific 
materials,  exterior  and  Interior  surface  temperatures  for  selected 
laminated  configurations,  the  insulating  characteristics  for  face  ply/ 
interlayer  combinations,  the  effect  of  edge  structure  and  fasteners 
on  transparency  temperatures,  and  the  heat  conduction  for  plastic  versus 
aluminum  inserts.  Hot  spots  were  defined  on  some  specimens  by  use  of 
phase-change  paint.  The  temperatures  were  monitored  by  thermocouples 
installed  on  the  exterior  and  Interior  surfaces,  and  at  the  Interface 
of  the  Interlayer  and  structural  ply.  In  many  cases  the  thermocouples 
failed  to  adhere  to  the  specimen  surface  or  did  not  function  properly. 

The  temperature/time  curves  show  that  the  temperature  of  the  exterior 
surfaces  rose  rapidly  and  reached  steady  state  In  about  7  to  8  minutes. 

The  internal  temperature  (at  the  Interface  of  the  structural  ply  and 
face  ply/interlayer  combination)  lagged  behind  the  exterior  temperature. 

The  Interior  temperature  (cabin  surface)  had  a  lower  rate  of  change  than 
the  Internal  temperature  and  was  affected  by  the  cabin  cooling  as  well  as 
by  the  material  thickness  and  thermal  conductivity.  Internal  and  Interior 
temperatures  did  not  reach  steady  state  until  after  15  minutes  of  heat 
exposure. 

The  maximum  Internal  temperature  and  Interior  temperature  were  affected 
by  the  temperature  of  the  specimen  at  Injection.  Consequently,  the 
second  Injection  of  each  specimen  resulted  In  the  maximum  temperature. 

As  was  expected  the  maximum  exterior  surface  temperature  was  not  affected 
by  the  specimen  Initial  temperature. 


The  average  maximum  exterior  surface  temperatures  were: 

325°F  at  Mach  2.4  for  a  10-minute  injection. 

388°F  at  Mach  2.6  for  a  10-minute  injection. 

502°F  at  Mach  3.0  for  a  3-minute  injection. 

The  values  varied  by  less  than  2  percent  between  specimens. 

The  interior  surface  temperatures  did  not  exceed  the  160°F  specified 
by  MIL-E-38453A  (Reference  10)  for  crew  comfort,  with  one  exception  (the 
exception  was  16 1°F ) .  The  temperatures  varied  with  injection  time, 
initial  temperature,  material  properties,  and  material  thicknesses.  The 
higher  temperatures  occurred  at  the  longer  injections  and  for  the  thinner 
specimens. 

The  temperature  at  the  interface  of  the  face  ply/interlayer  and  struc¬ 
tural  ply  was  monitored  and  plotted  to  show  the  insulating  capability 
of  the  face  ply  and  interlayer  combination.  The  temperatures  were  plotted 
against  specimen  thermal  resistance  (material  thickness  divided  by 
thermal  conductivity).  Variations  in  temperature  did  occur  for  similar 
materials.  These  variations  are  attributed  to  differences  in  edge  configura¬ 
tions  and  to  the  use  of  values  for  calculating  thermal  conductivity  that 
do  not  represent  the  true  material  properties. 

Thermocouples  were  Installed  on  the  exterior  surfaces  adjacent  to  the 
forward  edge  structure  to  provide  data  that  could  be  used  to  study  the 
effect  of  edge  structure  on  temperature  distribution.  Most  of  the 
exterior  thermocouples  peeled  off  during  the  test.  These  results  indicated 
that  PS-18  (an  acrylic  based  cement)  is  not  an  acceptable  bonding  agent 
for  acrylic  when  subjected  to  elevated  temperatures.  M-Bond  600  Is 
acceptable  for  acrylic  materials  but  Is  not  usable  for  bonding  to  glass. 

Imbedded  thermocouples  were  Installed  to  study  possible  heat  conduction 
to  the  Internal  areas  via  the  edge  fasteners.  The  results  of  the  Mach  2.6 
and  Mach  3.0  tests  were  consistent.  They  show  higher  temperatures 


near  the  fasteners  than  In  the  center  of  the  panel.  The  data  from  the 
Mach  2.4  tests  did  not  agree  with  these  results.  A  variation  in  the  hot 
spots  from  shock  wave  interactions  was  a  possible  cause  but  could  not  be 
proved  with  the  available  data. 

Data  was  recorded  to  permit  a  comparison  of  heat  conduction  by  plastic 
inserts  versus  aluminum  inserts.  The  results  for  one  specimen  were  con¬ 
sistent  at  the  three  Mach  numbers  and  verified  higher  heat  conduction 
through  the  aluminum  inserts. 

Test  temperatures  were  compared  to  pre-test  calculated  temperatures. 

The  calculated  exterior  surface  temperatures  were  7  to  11  percent  hiqher  than 
the  test  temperatures  for  the  three  test  conditions  of  Mach  2.4,  2.6  and 
3.0.  T'ne  discrepancy  between  pre-test  calculated  temperatures  and  test 
temperatures  at  the  internal  interface  varied  from  zero  to  82  degrees. 

These  deviations  were  due  to  the  effect  of  the  edge  configuration  on 
temperature  distribution  as  well  as  the  use  of  values  for  calculating 
thermal  resistance  that  did  not  represent  the  true  material  properties. 

The  results  were  consistent  with  a  previous  test  program  reported  in 
Reference  1. 

A  phase-change  paint  method  was  used  on  selected  panels  to  locate  hot 
spots  to  correlate  heat-up  time  with  thermocouple  data,  and  to  correlate 
heat  patterns  with  the  Instrumented  panel  data.  The  paint  data  gave  the 
same  qualitative  heating  pattern  as  the  Instrumented  panel  but  the  levels 
were  approximately  30  percent  lower  than  the  gage  data.  The  paint  data 
showed  a  faster  heat-up  time  than  did  the  thermocouple  data.  The  paint 
dissipation  pattern  Indicates  that  the  aft  center  portion  of  the  panel 
heats  up  faster  than  the  perimeter.  This  is  the  result  of  a  shock  wave 
which  strikes  the  panel  in  this  area.  The  shock  wave  Is  stronger  at  the 
center  line  of  the  panel,  decreasing  in  intensity  toward  the  edge  of  the 
panel.  For  the  specimens  with  steel  edge  retainers,  hot  spots  were  evident 
in  the  transparent  material  near  the  retainers. 
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Further  tunnel  testing  to  acquire  temperature  data  with  thermocouples 
would  require  a  more  reliable  bonding  agent  (such  as  M-Bond  600)  for  the 
Installation  of  the  thermocouples  on  exterior  surfaces.  Other  methods 
of  thermal  data  acquisition  have  been  developed  by  the  ARO/AEDC.  One 
such  technique.  Infrared  scanning,  would  provide  heat  patterns  in  color 
and  digital  analysis,  but  was  rejected  for  these  tests  because  the  Infrared 
scanning  equipment  could  not  be  Installed  concurrently  with  the  photographic 
equipment,  resulting  In  a  delay.  An  additional  penalty  was  the  require¬ 
ment  to  coat  the  different  face  ply  materials  In  order  to  obtain  emlsslvlty 
data.  It  Is  recommended  that  potential  tunnel  users  consult  with  the 
ARO/AEDC  for  possible  use  of  other  test  techniques. 


TEST  OPERATION 

It  Is  recommended  that  tunnel  dates  be  scheduled  well  in  advance  due 
to  heavy  usage,  and  that  the  potential  tunnel  user  delineate  his  test 
schedule  carefully  to  avoid  changes  and  costly  delays.  Close  attention 
must  be  given  to  such  details  as  time  to  install  and  replace  a  specimen 
since  successful  completion  of  a  test  program  depends  on  maximum  utiliza¬ 
tion  of  available  time. 

TEST  ENVIRONMENT 

It  is  recommended  that  the  simulation  of  a  real  flight  environment 
would  be  Improved  It  tne  test  were  conducted  in  a  tunnel  where  the  free 
stream  conditions  were  similar  to  the  flight  conditions;  i.e.,  use  a 
Mach  3.0  tunnel  to  simulate  a  Mach  3.0  environment. 

It  is  also  recommended  that  further  Mach  3.0  tests  be  conducted  at 
lower  altitudes  (high  pressure  conditions)  on  similar  materials.  The 
original  altitudes  selected  for  the  potential  aircraft  operating  envelope 
were  not  possible  to  simulate  because  of  the  limits  of  the  tunnel  capa¬ 
bility.  Hence,  higher  altitudes  were  simulated  than  originally  planned. 

An  undesirable  Interference  shock  wave  impinged  on  the  specimen  sur¬ 
faces.  It  is  recommended  that  the  Interference  shock  be  eliminated  so 
as  to  provide  an  environment  more  compatible  with  flight  conditions.  The 
wedge  that  was  used  as  a  flow  generator  was  not  designed  for  this  type 
of  test.  The  Interference  shock  could  be  eliminated  with  a  wedge  designed 
specifically  for  this  type  of  application. 

It  is  recommended  that  a  more  realistic  test  would  be  achieved  with 
larger  test  specimens  since  specimen  size  has  an  effect  on  heat  distribu¬ 
tion  and  heat  dissipation.  This  revision  would,  of  course,  necessitate 
a  tunnel  of  larger  diameter  because  of  potential  air  blockage. 

It  Is  recomnended  that  future  tests  at  higher  velocites  use  a  different 
flow  generator  and  camera  arrangement  since  the  present  system  has 
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reached  Its  maximum  utilization.  Further  reductions  In  the  wedge  angle 
would  rotate  the  cabin  simulator  window  out  of  the  camera's  line  of 
sight. 

material  EVALUATION 

Prior  to  this  test  program  the  aerodynamic  effect  of  a  Mach  2.4 
through  Mach  3.0  flight  environment  on  plastic  materials  was  not  known. 

It  had  been  anticipated  that  the  selected  materials  might  not  survive 
the  high  temperatures  generated  at  these  velocities.  Based  on  these 
tests.  It  is  concluded  that  plastic  face  ply  materials  such  as  as-cast 
acrylic  and  urethane,  will  survive  the  high  temperature  experienced  at 
Mach  2.4  through  Mach  3.0  for  short  exposures. 

These  tests  have  further  demonstrated  the  potential  value  of  lam¬ 
inated  aircraft  windshields  In  the  Mach  3.0  environment,  specifically, 
those  configurations  consisting  of  as-cast  acryl Ic/sl 1 Icone/polycarbonate, 
urethane/ urethane/ polycarbonate ,  and  glass/si  1 Icone/polycarbonate,  are 
recommended  as  potential  windshield  candidates  for  aircraft  that  will 
operate  In  the  Mach  3.0  regime  for  short  periods  of  time. 

The  limits  for  these  materials  and  laminated  configurations  are  still 
unknown  and  further  testing  is  reconmended  to  define  the  maxliman 
velocity  environment  and  exposure  time  limits  for  as-cast  acrylic  and 
urethane  face  ply  material,  as  well  as  for  silicone  and  urethane  Inter¬ 
layers. 

Additional  testing  Is  recommended  at  Mach  2.4  and  above  to  establish 
the  effects  of  repeated  exposure  to  high  temperatures  and  pressures  for 
these  materials  and  laminated  configurations.  It  is  suggested  that 
larger  specimens  be  tested  since  thermal  expansion  and  heat  dissipation 
are  affected  by  panel  size. 

It  is  concludea  that  the  limit  for  effective  use  of  coated  polycarbonate 
for  short  term  exposure  Is  In  the  region  of  Mach  2.4. 
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It  Is  concluded  that  PPG112  Interlayer  Is  not  an  acceptable  material 
for  the  temperatures  experienced  at  Mach  2.4  because  of  heat  Induced 
bubbling. 

These  tests  have  verified  the  Importance  of  correct  edge  designs  for 
the  survlvabll Ity  of  a  laminated  windshield  configuration.  One  type  of 
edge  design  utilizing  a  steel  retainer  (SK22)  sustained  erosion  of  the 
sealant  under  the  retainer  and  Is  considered  unacceptable.  A  similar 
fiberglass  retainer  (SWU22)  survived  without  erosion  and  Is  recommended 
as  a  potential  edge  design. 

Two  types  of  face-ply  to  edge-structure  transition  methods,  a  "V" 
groove  edge  (SK21)  and  a  straight  edged  groove  (SK23  and  SWU21),  were 
tested  and  are  recommended  for  laminated  configurations.  Further  testing 
Is  recommended  to  fully  validate  these  edge  designs  when  subjected  to 
cyclic  expansion  In  the  Mach  3.0  regime. 

It  Is  concluded  that  a  rabbeted  type  acrylic  face  ply  represented 
by  Specimen  GY21,  GY22  and  GY23,  Is  not  an  acceptable  edge  design  for 
high  temperature  environments  because  holes  were  burned  through  the 
material.  It  Is  recommended  that  a  thicker  face  ply  or  some  method  of 
protection  be  used  for  this  type  of  edge.  It  Is  further  recommended 
that  a  high  temperature  bushing  be  developed  for  the  edge  attachments 
since  the  polycarbonate  bushings  employed  In  these  specimens  melted. 

It  Is  concluded  that  the  type  of  design  represented  by  Specimens 
GY24,  GY25  and  GY26  Is  not  an  acceptable  edge  design.  These  specimens, 
with  the  acrylic  face  ply  extended  to  the  edge  and  drilled,  sustained 
severe  face  ply  delamlnatlon  which  originated  at  the  fasteners. 

Many  of  the  specimens  sustained  bubbling  of  the  polycarbonate  along 
the  aft  panel  edge.  The  high  temperature  In  this  area  was  generated 
by  a  rebound  shock  wave  which  struck  the  panels  near  the  aft  edge  and 


was  Intensified  by  a  heat  sink  that  existed  as  part  of  the  $?t  edge  of 
the  cabin  simulator  cover.  It  Is  recommended  that  these  problems  be 
eliminated  If  further  tests  are  to  be  conducted  with  this  equipment. 

OPTICS  EVALUATION 

Based  on  an  Interpretation  of  the  grid  line  photographs,  the  3-ply 
laminates  (SK05  and  SWU21),  the  5-ply  laminates  (GY03,  GY04  and  GY05), 
and  the  monolithic  polycarbonate  (TEX2I)  are  recommended  candidates  for 
Mach  2.4  aircraft  windshields.  The  7-ply  laminates  would  be  candidates 
if  the  edge  design  was  revised  to  preclude  premature  failure.  Laminates 
with  a  glass  face  ply  (PPG21)  would  be  acceptable  with  an  Interlayer 
that  could  survive  the  temperature  environment. 

Based  on  an  interpretation  of  the  grid  line  photographs,  the  3-ply 
laminates  (SK06  and  SWU21),  and  the  5-ply  laminates  (GY01,  GY02  and 
GY03)  are  recommended  candidates  for  Mach  2.6  aircraft  windshields. 

The  results  for  the  glass  face  ply  laminates  were  positive  when  the 
Interlayer  was  silicone  (SK23)  but  negative  when  PPG112  was  used  (PPG22A). 
Coated  polycarbonate  (TEX21A)  sustained  loss  of  vision  at  this  test 
condition  and  is  not  recommended  for  use  at  Mach  2.6. 

3ased  on  the  optical  clarity  of  the  photographs  taken  at  Mach  3.0, 
the  3-p’y  laminates  (SK05  and  SWU21)  are  candidates  for  Mach  3.0  aircraft 
windshields.  The  5-ply  laminates  (GY04  and  GY05)  are  recommended, 
although  the  optics  were  not  as  clear  as  for  the  3-ply  specimens. 

The  PPG  specimens  are  the  only  conf Igurations  not  recommended  for 
potential  aircraft  windshields  due  to  poor  light  transmission. 

Based  on  limited  test  data,  It  Is  concluded  that  urethane  material 
Is  more  resistant  to  haze  than  acrylic  when  used  as  a  face  ply  material 
and  tested  at  the  conditions  of  Mach  2.4  through  3.0. 


It  is  recoimended  that  further  tests  of  this  nature  be  performed 
on  larger  specimens  since  deflection  and  optical  distortion  would  be 
affected  by  panel  size. 

THERMAL  EVALUATION 

The  following  conclusions  were  derived  from  an  analysis  of  the  thermal 
data  for  the  tested  specimens. 

a.  The  maximum  exterior  surface  temperature  climbed  rapidly,  reached 
steady  state  in  7  to  8  minutes,  was  unaffected  by  initial  temper¬ 
ature,  and  did  not  vary  with  face  ply  material. 

b.  The  interior  surface  temperatures  were  consistent  with  the 
requirements  of  MIL-E-38453A  (Reference  10)  for  crew  comfort. 

c.  Although  the  results  were  scattered,  the  thermal  resistance 
of  the  face  ply  plus  interlayer,  i.e.,  its  ability  to  protect 
the  structural  ply,  did  vary  directly  with  thickness  and 
inversely  with  material  thermal  conductivity. 

d.  Internal  material  temperatures  were  influenced  by  the  heat  con¬ 
ducted  through  the  fasteners  and  bushings. 

e.  Hot  soots  did  exist  adjacent  to  the  metal  edge  retainers. 

Further  tests  are  recommended  to  obtain  more  accurate  data  that 
could  be  used  for  predicting  the  temperatures  at  the  outer  surface  of 
the  structural  plies. 

The  use  of  phase-change  paint  is  recommended  as  a  useful  tool  for 
defining  hot  spots  on  the  surface  of  a  test  specimen. 

It  is  recomnended  that  further  wind  tunnel  tests  of  this  type  use  a 
more  reliable  bonding  agent  (such  as  M-Bond  600)  for  the  exterior  thermo¬ 
couples  and  that  other  methods  of  thermal  data  acquisition  be  investigated 
for  potential  use  by  consulting  with  the  test  facility  personnel. 
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